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(54) SEMICONDUCTOR LIGHT-EMITTING DEVICE AND METHOD FOR MANUFACTURING THE 
SAME 



(57) It has a structure in which an active layer (5) 
that emits light by electric current injection is sand- 
wiched between an n-type cladding layer (4) and a p- 
type cladding layer (6) made of materials having a larger 
band gap than the active layer (5), wherein the active 
layer (5) is made : for example, of Cd x Zn-,_ x O (0<x<1 ). It 
is further more preferable if the cladding layers (4). (6) 
aremade : forexample : of MgyZn^O (0<y<1).This nar- 



rows the band gap of the ZnO materials, and an oxide 
semiconductor capable of being wet-etched, easy to 
handle with, and excellent in crystallinity can be used as 
a material for an active layer or a cladding layer of a 
semiconductor light emitting device such as a blue light 
emitting diode or a blue laser diode in which an active 
layer is sandwiched between cladding layers, so that a 
blue semiconductor light emitting device being excellent 
in light emission characteristics can be obtained. 
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Description 

TECHNICAL FIELD 

5 [0001] The present invention relates to a compound semiconductor light emitting device, such as a light emitting 
diode or a laser diode ; that emits light with a short wavelength of blue color from ultraviolet to around yellow, and a 
method for manufacturing the same. More particularly, the present invention relates to a semiconductor light emitting 
device typically made of a ZnO-based compound semiconductor and being excellent in crystallinity and easy to handle 
with. 

10 

BACKGROUND ART 

[0002] A blue light emitting diode (hereinafter referred to as LED) used as a light source of full color display or a 
signal lamp and a blue laser diode (hereinafter referred to as LD) used as a light source of a highly fine next-generation 

15 DVD that continuously oscillates at room temperature are attracting people's attention because it has recently become 
possible to obtain them by lamination of GaN-based compound semiconductor on a sapphire substrate. 
[0003] Conventional blue semiconductor light emitting devices of this type (which means a color from ultraviolet rays 
to around yellow; the same applies hereinafter) are obtained by successive lamination of Group III nitride compound 
semiconductor (GaN-based compound semiconductor) on a sapphire substrate 71 by means of the melal organic 

20 chemical vapor deposition (hereinafter referred to as MOCVD), and are constructed in such a manner that a GaN buffer 
layer 72, an n-type GaN layer 73, an n-type stress-alleviating layer 74 made of ln 0 iGa 0 9 N, an n-type cladding layer 
75 made of Al 0 12 GaQ 88 N, an n-type optical wave guide layer 75 made of GaN, an active layer 77 made of a multiple 
quantum well structure of InGaN-based compound semiconductor, a p-type optical wave guide layer 78 made of p- 
type GaN, a p-typc first cladding layer 79 made of p-type Al 0 2 Ga 0 8 N, a p-typc second cladding layer 80 made of 

25 AJ o.i2 Ga o.88 N = and a contact layer 81 made of p-type GaN are successively laminated, and a portion of the laminated 
semiconductor layers is etched by dry etching or the like, as illustrated in Fig. 47, to expose the n-type GaN layer 73 
on the surface of which an n-side electrode 83 is formed, and a p-side electrode 82 is formed on the aforesaid contact 
layer 81 . 

[0004] Further, in the second ICNS (International Conference on Nitride Semiconductor) held in Tokushima, Japan 
30 in 1 997, a semiconductor light emitting device having a structure is reported in which GaN-based compound semicon- 
ductor layers are laminated on a substrate with the use of 6H-SiC. However, the lamination structure of gallium nitride 
(GaN) compound semiconductor is the same as the aforesaid structure, the only difference being in the substrate. 
[0005] Such a Group Hi nitride compound semiconductor for a blue short-wavelength semiconductor light emitting 
device is thermally and chemically extremely stable and highly reliable, and has extremely excellent properties in view 
35 of increasing its life. However, since it is stable, it must be grown at an extremely high temperature such as about 
1000°C in order to obtain semiconductor layers having a good crystallinity, as shown in Japanese Patent Gazette No. 
271 3094. On the other hand, with regard to semiconductor layers containing In (indium) such as an active layer, mixed 
crystals of the element In and GaN are not easily formed, and also the vapor pressure of In is high, so that crystals 
can be stacked only at a temperature of about 700°C or less if sufficient In is to be introduced. Therefore, the ternper- 
40 ature cannot be raised to a high temperature needed for obtaining a semiconductor layer having an excellent crystal- 
linity, so that it is not possible to obtain semiconductor layers having a good crystallinity, raising a problem of reduction 
in the light-emission efficiency or deterioration in the life characteristic. 

[0006] Further, a semiconductor laser constructed with AIGaN/lnGaN/GaN based semiconductor has a drawback 
as an important physical property. Namely, the InGaN/GaN system is a lattice-mismatched system, so that an internal 

45 electric field (piezoelectric field) is always generated in the InGaN active layer by stress. In particular, InGaN materials 
have a physical property intrinsic to the materials such that the piezoelectric f ieid is intensely generated. If this internal 
electric field is strong, electrons and holes are spatially separated, thereby reducing the recombination probability and 
raising the threshold value of the semiconductor laser. For this reason, reduction of the threshold value is achieved by 
doping the InGaN active layer with Si or the like to generate a Coulomb potential shield effect for reducing the internal 

50 electric field. On the other hand, if it is doped with an impurity, it is not possible to avoid generation of a non-light 
emitting recombination center, so that carriers are consumed in a process other than the light emission, thereby con- 
versely raising the threshold value and inviting the temperature rise of the element during light emission. This imposes 
an obstacle in improving the life of the element, particularly in the improvement of life at the time of producing a high 
output. Therefore, in semiconductor lasers, doping of active layers must be avoided, so that the threshold value cannot 

55 be lowered by doping. 

[0007] As described above : the InGaN materials used for an active layer of a conventional blue semiconductor light 
emitting device have a problem that the threshold value tends to rise by the stress accompanying the lattice mismatch . 
On the other hand, if mixed crystals of In with GaN are made, the lattice constant will be smaller, whereas if mixed 
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crystals of Al with GaN are made, the lattice constant will be larger. Therefore, in a blue semiconductor light emitting 
device having a structure such that an active layer made of InGaN is sandwiched between cladding layers made of 
AIGaN. this stress cannot be eliminated. 

[0008] Further, most of the apparatus for growing Group III nitride compound semiconductor layers that do not contain 
5 In are vacuum apparatus, so that continuance of crystal growth while keeping the temperature around 1 000°C imposes 
a heavy load on the apparatus, and also failure such as leakage is liable to occur often, raising a problem that it is 
extremely difficult to stably operate the apparatus. 

[0009] Further since the Group III nitride compound semiconductor is stable : it is extremely difficult to perform wet 
etching with chemicals, and in particular, it is not possible to build an internal electric current constriction layer therein 
10 which is needed in constructing a laser element. Also, the etching for forming a mesa-type shape must be a physical 
etching such as reactive ion etching (RIE), raising a problem that it is extremely difficult to form it into a semiconductor 
laser structure as a process. 

[001 0] Therefore, the inventors of the present invention have attempted to produce a blue semiconductor light emit- 
ting device using an oxide compound semiconductor. It is known in the art that ZnO, which is one of the oxide compound 

15 semiconductor, can be epitaxially grown at a temperature lower than about 600°C by using the laser MBE method or 
the like, and is soluble in an alkali solution, so that the wet etching can be performed, as described in Phys. Stat. Sol., 
Vol. 202 (1 997), pp. 669-672. However, this ZnO has a band gap of 3.2 eV, so that if this material is used as it is in an 
active layer, only the light emission in an ultraviolet region around 370 nm can be achieved. In order to use it, for 
example, as a light source of a highly fine DVD, both the transmissivity of an optical disk substrate and the recordation 

20 density onto a disk must be satisfied, so that the wavelength region of the light source is required to be within the range 
from 400 to 430 nm, as described in Functional Materials, Vol. 17 (1997), No. 8, pp. 18-25. In other words, as illustrated 
in Fig. 46, if the wavelength is shorter, the transmissivity of the optical disk substrate is greatly reduced, so that the 
wavelength of light is required to be larger than 400 nm because transmissivity of 75% or more is needed. Also, if the 
wavelength is longer, the recordation density is reduced. Due to the need in the recordation density that 15 GB or more 

25 is required on one surface of a disk in a highly fine DVD, the wavelength is required to be 430 nm or less. 

[0011] On the other hand, a wider band gap of ZnO materials is achieved by forming mixed crystals of ZnO and 
MgO. as described in Applied Physics Letter (Appl. Phys. Lett.). Vol. 72 (1998), No. 19, pp. 2466-2468, or Material 
Society Forum (Mat. Sci. Forum), Vols. 264-268, pp. 1463-1466, 1998, or the like. However, a concrete method of 
narrowing the band gap of ZnO is not yet known in the art. 

30 [0012] The present invention has been made in view of these circumstances, and an object of the present invention 
is to narrow the band gap of ZnO materials and to provide a semiconductor light emitting device with improved light- 
emission characteristics by using an oxide semiconductor having few crystal defects and being excellent in crystallinity 
as a material for an active layer of a semiconductor light emitting device such as a blue light emitting diode or a blue 
laser diode in which the active layer is sandwiched between cladding layers. 

35 [001 3] Another object of the present invention is to provide a blue semiconductor laser such as used in a light source 
of a highly fine DVD. 

[0014] Still another object of the present invention is to provide a light emitting device such as a semiconductor laser 
in which the formation of a mesa-type shape or an internal electric current constriction layer (electric current restricting 
layer) is facilitated by constructing laminated semiconductor layers with oxide semiconductor capable of being sub- 
40 jected to wet etching. 

[0015] Still another object of the present invention is to provide a semiconductor light emitting device in which an 
electrically conductive material is used as a substrate and electrodes can be taken out from both upper and lower 
surfaces. 

[0016] Still another object of the present invention is to narrow the band gap of a ZnO-based compound semicon- 
45 ductor and to provide a semiconductor light emitting device using the ZnO-based compound semiconductor. 

[001 7] Still another object of the present invention is to provide a semiconductor light emitting device having a struc- 
ture such that blue light is emitted without the use of an InGaN-based compound semiconductor in an active layer and 
stresses accompanying the lattice mismatch are not imposed on the active layer. 

[0018] Still another object of the present invention is to improve the crystallinity or the electric conductivity of oxide 
50 semiconductor layers by growing each layer with good crystallinity or by improving the lamination structure, the elec- 
trode structure, or the like and to improve the efficiency of taking out the light to the outside (external differential quantum 
efficiency) to improve its light-emission characteristics in the case where the light emitting device is formed with the 
use of a ZnO-based compound semiconductor. 

[0019] Still another object of the present invention is to provide a semiconductor laser with high characteristics in 
55 which an electric current constriction layer is effectively buried in the inside by utilizing the wet etching property of a 
ZnO-based oxide semiconductor. 
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DISCLOSURE OF THE INVENTION 

[0020] A semiconductor light emitting device according to the invention of claim 1 is a semiconductor light emitting 
device having a substrate and a light emitting layer forming portion disposed on the substrate so that an active layer 
5 that emits light by electric current injection is sandwiched between n-type and p-type cladding layers made of materials 
having a larger band gap than the active layer wherein the active layer is made of an oxide compound semiconductor 
containing at least one of Cd and Zn. Specifically, the aforesaid active layer is formed ; for example, of Cd x Zn-,_ x O 
(0<x<1). 

[0021] Here : if the term "light emitting layer forming portion" is simply used, it means to include a portion in which 
10 semiconductor layers are laminated in order to have a structure capable of emitting light such as a pn-junction structu re 
or a MIS (Metal-insulating layer-Semiconductor layer) structure in addition to a double heterojunction structure in which 
an active layer is sandwiched between n-type and p-type cladding layers. 

[0022] By adopting this structure, an active layer having a band gap that emits light of a desired wavelength can be 
produced as a semiconductor layer with good crystailinity, so that a semiconductor light emitting device having a high 
15 light emitting efficiency can be produced. 

[0023] The aforesaid cladding layers can be formed of a ZnO-based oxide compound semiconductor or a Group III 
nitride compound semiconductor 

[0024] Here ; the ZnO-based compound semiconductor represents an oxide containing Zn : specific examples thereof 
being oxides of Group IIA with Zn, or Group MB with Zn, or Group It A and Group 113 with Zn in addilion to ZnO. Further, 
20 the Group 111 nitride compound semiconductor represents a semiconductor made of a compound of a Group Hi element 
Ga and a Group V element N, or a compound in which a part or the whole of a Group III element Ga is substituted with 
another Group III element such as Al or In, and/or a compound in which a part of a Group V element N is substituted 
with another Group V element such as P or As, and is also referred to as a gallium nitride based (GaN-based) compound 
semiconductor. 

25 [0025] A semiconductor light emitting device according to the invention of claim 5 is a semiconductor light emitting 
device having an active layer that emits light by electric current injection and cladding layers made of materials having 
a larger band gap than the active layer and sandwiching the active layer from both sides thereof, wherein the cladding 
layers are made of oxide compound semiconductor containing Zn or Mg and Zn. Specifically, the aforesaid cladding 
layers are formed, for example, of Mg y Zn.,_ y O (0<y<1). 

30 [0026] In view of lattice matching, the substrate on which the cladding layers and the active layer are laminated is 
preferably one kind selected from the group consisting of GaN, Si having SiC formed thereon, single crystal SiC, and 
sapphire. 

[0027] If the aforesaid active layer is a single quantum well structure or a multiple quantum well structure, it is pref- 
erable because the light emitting efficiency is improved to produce a semiconductor laser with high outputs. 

35 [0028] A semiconductor laser capable of precisely defining an electric current injection region can be produced by 
comprising an active layer that emits light by electric current injection, and n-type and p-type cladding layers made of 
materials having a larger band gap than the active layer and sandwiching the active layer from both sides thereof, 
wherein the active layer is made of Cd^n^O (0<x<1), the cladding layers are made of MgyZn^O (0<y<1), and an 
internal electric current constriction layer is built therein. 

40 [0029] A method of narrowing a band gap of a ZnO compound semiconductor according to the invention of claim 1 0 
aims at reducing the band gap of ZnO by forming a solid solution of CdO and ZnO to make a mixed crystal having a 
general formula represented by Cd^Zn^O (0<x<1). 

[0030] In the invention described in claim 1 , the aforesaid active layer is made of a bulk layer of Cd^n^O (0<x<1 ) 
or a quantum well structure constructed with a composition modification of Cd x Zn-,. x O (0<x<1 ) : and a stress-alleviating 

45 layer is disposed on at least one side of the n-type cladding layer side and the p-type cladding layer side of the active 
layer so as to be in contact with the active layer, the stress-alleviating layer being made of a material having a larger 
band gap than the active layer and having a composition with approximately the same lattice constant as a material 
of the composition located on the outermost side of the active layer of the at least one side. By adopting thrs structure, 
the semiconductor layer having a large band gap which is in direct contact with the active layer and constitutes a double 

50 heterojunction can be constructed with a layer having approximately the same lattice constant as the active layer, so 
that little stress is imposed on the active layer, and the stress accompanying the lattice mismatch from the cladding 
layers and others is absorbed by the stress-alleviating layer. 

[0031] Here : the term "bulk layer" represents a layer in which the active layer is constructed with a single layer with 
constant x. The term "quantum well structure constructed with a composition modification of Cd x Zn.j. x O (0<x<1 )" rep- 
55 resents a structure in which one or more sets of a well layer with a certain value of x and a barrier layer with a different 
value of x are alternately laminated. Further, the term "located on the outermost side of the active layer of the at least 
one side" refers to a portion of the active layer which is on the side where the stress -alleviating layer is disposed and 
which is in contact with the stress-alleviating layer. If the stress-alleviating layer is disposed on both sides of the n-side 
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and the p-side : the term refers to a portion of each side that is in contact. Further, the term "approximately the same 
lattice constant" refers to a relationship in which the difference is so small that little internal electric field is generated 
by the stress accompanying the lattice mismatch. 

[0032] A blue semiconductor light emitting device can be realized with a material capable of being subjected to wet 
5 etching if the stress-alleviating layer is made of Mg w Zn-,. w O (0<w<1 ), and the cladding layer is made of an oxide com- 
pound semiconductor containing Mg and Zn. 

[0033] A semiconductor laser according to the invention of claim 13 has an active layer that emits light by electric 
current injection and n-type and p-type cladding layers made of materials having a larger band gap than the active 
layer and sandwiching the active layer from both sides thereof, wherein the active layer is made of a quantum well 
10 structure constructed with a composition modification of Cd x Zn 1 . x O (0<x<1 ) : and a stress-alleviating layer is disposed 
on at least one side of the n-type cladding layer side and the p-type cladding layer side of the active layer so as to be 
in contact with the active layer the stress-alleviating layer being made of Mg^n^O (0<w<1) having a composition 
with approximately the same lattice constant as the composition located on the outermost side of the active layer of 
the at least one side. 

15 [0034] It may have a structure such that the cladding layers are made of MgyZn^yO (0<y<1 ), and an optical wave 
guide layer is disposed between the stress-alleviating layer and the n-type or p-type cladding layer. 
[0035] In the invention described in claim 4, a low-temperature ZnO layer may be disposed at least on the active 
layer side between the active layer and an uppereiadding layer. By adopting this structure, a film of the low-temperature 
ZnO layer is formed on the active layer, so thai even if ZnO or MgZnO is grown thereon al a high temperature, evap- 

20 oration of Cd in the active layer having a large vapor pressure is restrained by the low-temperature ZnO layer. On the 
other hand, at the time when the low-temperature ZnO layer is formed, it is grown at a low temperature of the same 
degree as the growth temperature of the active layer, so that evaporation of Cd is restrained. As a result, each semi- 
conductor layer can be grown without letting the Cd of the active layer be evaporated. Therefore, light emission of a 
longer wavelength in a blue range can be achieved, and also the crystallinity of the active layer is improved to improve 

25 the light emission characteristics. Here, although this low-temperature ZnO layer is inferior in crystallinity because it 
is grown at a low temperature, it does not affect the crystallinity of the active layer because the active layer is already 
stacked. Also, even if it is extremely thin, evaporation of Cd can be prevented. Since it is disposed to have a thickness, 
for example, of about 100 to 1000' A, its influence is small. Moreover the crystallinity is repaired by the temperature at 
the time of growing ZnO at a high temperature, so that the influence on the light emission characteristics can be almost 

20 completely eliminated. 

[0036] A method of manufacturing a ZnO-based compound semiconductor light emitting device according to claim 
1 7 is a method of manufacturing a ZnO-based compound semiconductor light emitting device in which an active layer 
made of a ZnO-based compound semiconductor containing Cd is sandwiched between cladding layers made of ZnO- 
based compound semiconductor, comprising the steps of growing the active layer made of the ZnO-based compound 
35 semiconductor containing Cd, growing a Cd-evaporation-preventing layer made of ZnO at approximately the same low 
temperature as the growth temperature of the active layer, and then a ZnO-based compound semiconductor layer is 
grown at a high temperature. 

[0037] A semiconductor light emitting device according to claim 18 comprises a sapphire substrate, a buffer layer 
made of an Al 2 0 3 film disposed on the sapphire substrate, and a light emitting layer forming portion made of ZnO- 
40 based compound semiconductor disposed on the buffer layer, the light emitting layer forming portion including at least 
n-type and p-type layers to form a light emitting layer. 

[0038] By adopting this structure, an Al 2 0 5 film is disposed on a mirror surface of the front surface of the sapphire 
substrate, so that an initial crystal nucleus for growing crystals is created on the entire front surface thereof. In other 
words, in the case of a mirror surface of a sapphire substrate, there will be a portion where the initial crystal nucleus 

45 is not formed due to the fact that the surface is polished, so that there will not be a growth in the lateral direction at a 
position where the crystal nucleus is absent, and often a crystal grain boundary is partly generated in which the growth 
in the longitudinal direction does not proceed easily, as described before. However, by forming an Al 2 0 3 film in advance, 
the film is firmly formed since the sapphire substrate and the Al 2 0 3 film are materials of the same quality, and its front 
surface is in a state in which the molecules are deposited. Therefore, the initial crystal nucleus is created uniformly 

so over the entire front surface thereof in growing the ZnO-based compound semiconductor and, with the initial crystal 
nucleus serving as a seed, crystals of the ZnO-based compound grow. As a result, it is possible to grow a uniform 
crystal layer of the ZnO-based compound semiconductor without generating a crystal grain boundary. 
[0039] If the aforesaid light emitting layer forming portion has a double heterojunction structure in which the active 
layer made of Cd x Zn 1 . x O (0<x<1) is sandwiched between n-type and p-type cladding layers made of Mg y Zn.|. y O 

55 (0<y<1 ), it is possible to obtain a highly bright LED or LD having a double heterojunction structure using a ZnO-based 
compound semiconductor in which an active layer having a band gap energy suitablefor blue wavelength is sandwiched 
with materials having a larger band gap energy than that. An LD of still higher output is produced by forming a semi- 
conductor laser in which the aforesaid active layer has a multiple quantum well structure by alternate lamination of 
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layers with different values of x. 

[0040] A method of manufacturing a semiconductor light emitting device according to claim 20 comprises the steps 
of depositing an Al 2 0 3 film at a low temperature on a sapphire substrate, rasing the temperature of the sapphire sub- 
strate to a temperature such that single crystals can be grown, and growing a light emitting layer forming portion which 
5 is made of ZnO-based compound semiconductor and comprises a first conductivity layer and a second conductivity 
layer to form a light emitting layer. 

[0041] Thus , by first forming an Al 2 0 3 film at a low temperature and then raising the temperature to a high temper- 
ature for crystal growth, crystals do not grow at the low temperature at which the Al 2 0 3 film is formed, so that the film 
is uniformly formed over the entire surface irrespective of the surface state of the sapphire substrate. Then, by raising 
10 the temperature to a temperature of crystal growth for growing the ZnO-based compound semiconductor at least the 
front surface side of the Al 2 0 3 film is crystallized, and the initial crystal nucleus can be easily created uniformly on the 
front surface, so that it is preferable. 

[0042] A semiconductor light emitting device according to claim 21 comprises a substrate, and a semiconductor 
laminate section disposed on the substrate and made of oxide compound semiconductor layers and including a light 

15 emitting layer forming portion, wherein an oxide thin film containing Zn is disposed as a buffer layer on a front surface 
of the substrate at a lower temperature than the temperature of growing the semiconductor layers of the semiconductor 
laminate section and is interposed between the substrate and the semiconductor laminate section. 
[0043] By adopting this structure, the oxide semiconductor layer containing Zn is formed at a low temperature on 
the substraLe, so that the film is formed uniformly irrespective of the stale of the substrate. As a result, the initial crystal 

20 nucleus is created uniformly on the front surface when the temperature becomes high in growing an oxide compound 
semiconductor such as ZnO thereon. With the crystal nucleus serving as a seed, a uniform crystal layer grows. For 
this reason, the restrain of the substrate can be alleviated, that is, an oxide compound semiconductor layer can be 
epitaxially grown while selecting the substrate in a somewhat arbitrary manner. Moreover, since a semiconductor layer 
of the same quality such as ZnC-bascd layer that is grown thereon, a homojunction to the buffer layer is formed, so 

25 that a semiconductor layer with good crystals can be easily grown. 

[0044] If the buffer layer is formed to have a thickness of 20 to 200 nm by an MBE (molecular beam epitaxy) method, 
an MOCVD (metal organic chemical vapor deposition) method, or a plasma CVD method between 100 and 300°C, 
the oxide compound semiconductor layer can be grown successively by the same apparatus after the film of the buffer 
layer is formed. Therefore, it can be grown in an extremely clean state, and an oxide compound semiconductor layer 

30 with fewer crystal defects can be grown, so that it is preferable. 

[0045] A method of manufacturing a semiconductor light emitting device according to claim 23 comprises the steps 
of, forming a non-crystalline or polycrystalline oxide thin film containing Zn on a substrate by a sputtering method, a 
vacuum vapor deposition method, or a laser ablation method, putting the substrate into an apparatus for epitaxial 
growth of semiconductor layers and raising a substrate temperature to a growth temperature, and laminating an oxide 

35 compound semiconductor layer to form a light emitting layer forming portion. 

[0046] According to this method, the film is formed by a method such as the sputtering method which is utterly 
different from the method of growing ordinary semiconductor layers and which is different from the thin film epitaxial 
growth, so that a dense film can be formed. By this denseness that is not derived from epitaxial growth, it is possible 
to prevent the influence of the property of the substrate on the semiconductor layers laminated thereon, so that the 

40 film can be formed on any substrate more irrespective of the crystal structure of the substrate. In this case also, the 
initial crystal nucleus is created uniformly on the front surface of the buffer layer by raising the temperature with the 
apparatus of growing oxide compound semiconductor layers, in the same manner as previously described. With the 
initial crystal nucleus serving as a seed, the oxide compound semiconductor layer can be grown uniformly over the 
entire surface. Moreover the growth temperature of, tor example, ZnO is about 500°C and is comparatively low, so 

^5 that it is not necessary to grow it at a high temperature of 1 000°C or more such as in the case of a GaN-based compound 
semiconductor and also the need for selecting a substrate capable of withstanding the high temperature is eliminated. 
As a result, the substrate can be selected freely. 

[0047] A semiconductor light emitting device according to the invention of claim 24 comprises a substrate, and a 
semiconductor laminate section including a light emitting layer forming portion made of compound semiconductor 
50 layers disposed on the substrate and having n-type and p-type layers to form a light emitting layer wherein a buffer 
layer is disposed between the substrate and the semiconductor laminate section, the buffer layer being made of a 
material having a thermal expansion coefficient larger than the thermal expansion coefficient of an epitaxial growth 
layer at the lowermost layer of the semiconductor laminate section and smaller than the thermal expansion coefficient 
of the substrate. 

55 [0048] Here, the epitaxial growth layer at the lowermost layer refers to a semiconductor layer that is epitaxially grown 
initially in growing the semiconductor laminate section. 

[0049] By adopting this structure, a buffer layer having an intermediate shrinkability between the shrinkability of the 
substrate and the shrinkability of the epitaxial growth layer at the lowermost layer of the semiconductor laminate section 
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is interposed at the time of lowering the temperature of the growth furnace after the semiconductor laminate section 
is grown, so that cracks due to the difference in shrinkability are not easily generated. If the cracks are not generated 
at the time of lowering the temperature, there will not be a phenomenon that the cracks are further generated on the 
basis of the existing cracks, so that it is possible to produce a semiconductor growth layer with fewer crystal defects 

5 such as cracks as a whole. 

[0050] If the substrate is made of a sapphire substrate, and the epitaxial growth layer of the lowermost layer is made 
of a ZnO-based compound semiconductor and the buffer layer is a compound semiconductor having a wurtzite struc- 
ture, then the ZnO-based compound semiconductor layer can be easily grown to have a good crystal structure on the 
buffer layer since the ZnO-based compound semiconductor has a wurtzite structure. 

10 [0051] It is especially preferable if the buffer layer is made of AlpGa^N (0<p<1 ), because AlpGa^pN has a thermal 
expansion coefficient lying between the sapphire substrate and the ZnO-based compound semiconductor and also its 
crystal structure is a wurtzite structure which is the same as ZnO. If the light emitting layer forming portion of the 
semiconductor laminate section has a double heterojunction structure in which an active layer made of Cd x Zn-,. x O 
(0<x<1 ) is sandwiched between n-type and p-type cladding layers made of MgyZn^O (0<y<1 ) ; it is possible to produce 

15 a highly bright LED or LD having a double heterojunction structure using a ZnO-based compound semiconductor in 
which the active layer having a band gap energy suitable for a biue wavelength is sandwiched with materials having 
a larger band gap energy than that. Further an LD of still higher output is produced by forming a semiconductor laser 
in which the aforesaid active layer has a multiple quantum well structure by alternate lamination of layers with different 
values of x. 

20 [0052] A semiconductor light emitting device according to claim 27 comprises a substrate., a reflective film for re- 
flecting light from a front surface side of the substrate, and a semiconductor laminate section, wherein the reflective 
film is laminated by an even number of dielectric films or semiconductor films having different refractive indices with a 
thickness of X I (4n) (n is a refractive index of the dielectric film or the semiconductor film, and X is a light emission 
wavelength) on the substrate so that a layer having a smaller refractive index and a layer having a larger refractive 

25 index are alternately laminated in this order, and wherein in the semiconductor laminate section in which semiconductor 
layers are laminated on the reflective film to form a light emitting layer 

[0053] By adopting this structure, the reflective film is disposed immediately under the semiconductor laminate sec- 
tion that forms the light emitting layer, so that the light proceeding in the direction opposite to the surface for taking out 
the light is also reflected to proceed to the surface for taking out the light, thereby greatly improving the efficiency of 

30 taking out the light to the outside. Moreover, since the light is reflected immediately near to the light emitting layer, 
there is no waste of light, thereby all the more improving the efficiency of taking out the light. Further, in the case of an 
LD also, since the reflective film having a larger reflectivity returns the light to the active layer, the efficiency of enclosing 
the light is improved, thereby reducing the threshold current and improving the quantum efficiency. 
[0054] It is preferable if a buffer layer formed at a low temperature is disposed on the reflective film and the semi- 

35 conductor laminate section is formed by lamination of oxide compound semiconductor on the buffer layer, because the 
semiconductor laminate section can be grown to have good crystallinity without being affected by the reflective film or 
the substrate, owing to the presence of the buffer layer. More preferably, the buffer layer is formed by forming a non- 
crystalline or polycrystalline oxide thin film containing Zn by a sputtering method, a vacuum vapor deposition method, 
or a laser ablation method, and the semiconductor laminate section is formed by lamination of a ZnO-based compound 

to semiconductor on the buffer layer 

[0055] A ZnO-based compound semiconductor light emitting device according to claim 30 is a ZnO-based compound 
semiconductor light emitting device comprising a substrate, and a light emitting layer forming portion disposed on the 
substrate and forming a light emitting layer by lamination of ZnO-based compound semiconductor having at least an 
n-type layer wherein an n-side electrode disposed in contact with the n-type layer of the ZnO-based compound sem- 

45 iconductor is formed so that a portion of the n-side electrode which is in contact with the n-type layer is formed of Ti 
or Cr. the portion not containing Al. 

[0056] By adopting this structure, it is confirmed that a good ohmic contact is obtained between the electrode material 
and the n-type ZnO-based compound semiconductor layer so that a semiconductor light emitting device such as LED 
or LD having a small contact resistance and being excellent in forward direction characteristics is obtained. 
so [0057] It is preferable if a layer containing Ti and Al is disposed on the layer of Ti or Cr that does not contain Al, 
because connection with another lead such as a wire bonding will be extremely good. 

[0058] If the Ti and A! are formed into an alloy by an annealing treatment after the layer containing Ti and Al is formed, 
the ohmic contact property will be further more improved. 

[0059] A method of growing a p-type ZnO-based compound semiconductor according to the invention of claim 33 is 
55 characterized in that a ZnO-based compound semiconductor is epitaxially grown by introducing a Group IA element 
as a p-type dopant while introducing a Group VHB element as a buffering agent in epitaxially growing the ZnO-based 
compound semiconductor. 

[0060] By using this method, the Group VIIB element serves to shield against a Coulomb attraction force between 
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Zn and O to which the Coulomb attraction force acts on the basis of the aforesaid hexagonal crystal system structure, 
so that the Group IA element is substituted with Zn to exhibit a p-type. Further the holes will not be localized at the 
position of the p-type dopant owing to the effect of shielding against the Coulomb potential. This permits the holes to 
overlap their wave functions with each other so that the wave functions will spread over the entire crystal to realize 
5 .the p-type. 

[0061] At least one kind of an element selected from the group consisting of Li. Na : K. and Rb is used as the Group 
IA element and at least one kind of an element selected from the group consisting of F. CI. Br. and I is used as the 
Group VIIB element. Further, if the molar number of the introduced Group IA element is larger than the molar number 
of the Group VIIB element, a superfluous buffering agent can be canceled. 
10 [0062] A method of growing a p-type ZnO-based compound semiconductor according to the invention of claim 36 is 
a method in which a ZnO-based compound semiconductor is epitaxially grown by introducing a Group VB element as 
a p-type dopant while introducing a Group 1MB element as a buffering agent in epitaxially growing the ZnO-based 
compound semiconductor. 

[0063] By adopting this method, the Group 1MB element serves to shield against a Coulomb attraction force as de- 
15 scribed in the previous case, so that the Group VB element is substituted with Zn to exhibit a p-type. 

[0064] At least one kind of an element selected from the group consisting of N. P, As, and Sb is used as the Group 
VB element, and at least one kind of an element selected from the group consisting of B, Al, Ga, In, and Tl is used as 
the Group NIB element. Further, if the molar nomber of the introduced Group VB element is larger than the molar 
number of the Group IIIB element, it is preferable because a superfluous buffering agent can be canceled. 
20 [0065] A semiconductor light emitting device according to the invention of claim 39 is a semiconductor light emitting 
device comprising a substrate, and a light emitting layer forming portion made of ZnO-based compound semiconductor 
layers disposed on the substrate and forming a light emitting layer with an n-type layer and a p-type layer, wherein the 
p-type layer contains an element capable of becoming an n-type dopant as a buffering agent. 

[0066] A method of growing a compound semiconductor by vapor deposition according to the invention of claim 40 
25 js characterized in that, when a p-type compound semiconductor layer is epitaxially grown by an MOCVD method, the 
p-type semiconductor layer is grown by alternately repeating a step of introducing a reaction gas for growing the com- 
pound semiconductor layer into a growth apparatus to grow a thin film of the semiconductor layer and a step of intro- 
ducing a p-type dopant gas for carrying out a doping process. 

[0067] By adopting this method, when the dopant gas is decomposed to enter the semiconductor layer, the dopant 
30 gas enters the semiconductor layer without being combined with hydrogen because active hydrogen atoms produced 
by unreacted material gas or the like are absent in the surroundings. As a result, the dopant having entered the sem- 
iconductor layer fully functions, thereby to produce a p-type semiconductor layer having a high carrier concentration. 
[0068] It is more preferable if the reaction gas for growing the semiconductor layer is purged after the step of growing 
the thin film of the semiconductor layer and thereafter the dopant gas is introduced for carrying out the doping process, 
35 because hydrogen atoms that are liable to be generated by being decomposed from the reaction gas can be completely 
removed. 

[0069] It is preferable if only an organic metal material, which does not have a structure such that a material is 
combined directly with hydrogen such as in the case of H 2 Se or H 2 S, is used as the reaction gas for growing the 
semiconductor layer because hydrogen atoms are easily eliminated from the reaction gas and there will be little influ- 

40 ence of the reaction gas even if some of the reaction gas is left. 

[0070] It is preferable if nitrogen or a rare gas of Group 0 is introduced into the growth apparatus for purging the 
reaction gas, because the reaction gas can be completely eliminated to remove its influence. Here, since the hydrogen 
gas used as the carrier gas is in the form of hydrogen molecules, it is not easily decomposed at around the temperature 
of growing semiconductor, so that there will be little influence. However, it is more preferable if the carrier gas is also 

is made of an inert gas. 

[0071] It is preferable if, as a p-type dopant gas, a material having a structure such that elements of the dopant are 
not directly bonded to hydrogen atoms is used when a p-type compound semiconductor layer is epiLaxially grown by 
an MOCVD method, because generation of hydrogen atoms from the dopant gas can also be prevented, and the 
combination of the dopant and hydrogen can be prevented with more certainty. Here, the use of this p-type dopant gas 

50 is effective irrespective of the aforesaid method of repeating the steps of growth and doping. 

[0072] A method of growing crystals of an oxide compound semiconductor according to the invention of claim 45 is 
a method in which the single crystals of the oxide compound semiconductor are grown on a substrate by introducing 
an element constituting the compound semiconductor and oxygen in a plasma state, characterized in that the crystals 
of the oxide compound semiconductor are grown while removing or deviating charged particles generated in the plasma 

55 so that the charged particles will not be radiated directly onto the substrate. 

[0073] By adopting this method, the charged particles generated in the plasma are not directly radiated onto the 
substrate, so that the charged particles will not produce defects in the crystal layer grown on the substrate surface by 
hitting the substrate, nor will ions adhere to the substrate surface to repel the elements for forming the film. Therefore, 
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only oxygen in an active atomic state, such as radical oxygen : can be radiated onto the substrate, making it possible 
to grow a semiconductor layer with good crystallinity and fewer crystal defects. 

[0074] A blue (wavelength region from ultraviolet to yellow) semiconductor light emitting device using a ZnO-based 
compound semiconductor can be produced if removal or deviation of the charged particles is carried out by applying 
5 an electric field and/or a magnetic field and crystals of ZnO-based compound semiconductor are grown as the oxide 
compound semiconductor. 

[0075] An apparatus for growing crystals of an oxide compound semiconductor according to the invention of claim 
47 has a main chamber, a substrate holder disposed in the main chamber and a cell group disposed to be capable of 
radiating elements constituting the compound semiconductor towards a substrate held by the substrate holder and a 

10 plasma source for radiating a piasma ; wherein an electromagnetic field applying apparatus for applying an electric field 
and/or a magnetic field is disposed at least at a radiation outlet for radiating the plasma of the plasma source. 
[0076] A ZnO-based compound semiconductor light emitting device according to the invention of ciaim 48 is a ZnO- 
based compound semiconductor light emitting device comprising a substrate and a light emitting layer forming portion 
that forms a light emitting layer by lamination of a ZnO-based compound semiconductor layer disposed on the substrate, 

?5 wherein the ZnO-based compound semiconductor layer contains a C element. In other words., since an organic metal 
compound is used as a material for Zn. Zn and C are combined with O in a state in which some of Zn and C are in a 
bonded state because Zn and C have a large bonding energy although the bonding of carbon and hydrogen in an 
organic metal is weak and liable to be cut off and hydrogen is liable to escape. As a result, some of Zn and C are in a 
bonded slate, whereby the evaporation of Zn during the crystal growth can be prevented. 

20 [0077] The C element can be C (carbon) of an organic metal material used as a Zn material in growing the ZnO- 
based compound semiconductor layer. 

[0078] A method of manufacturing a ZnO-based compound semiconductor light emitting device according to the 
invention of ciaim 50 is characterized in that, in manufacturing a ZnO-based compound semiconductor light emitting 
device in which a ZnO-based compound semiconductor layer is laminated on a substrate to form a light emitting layer, 

25 the ZnO-based compound semiconductor is epitaxially grown on the substrate by radiating an organic metal compound 
of Zn as a Zn material of the ZnO-based compound onto a surface of the substrate for reaction on the substrate surface. 
[0079] Here ; the term "radiating it onto a surface of the substrate for reaction on the substrate surface" means a 
state in which the respective materials meet for the first time on the substrate or on the front surface of the substrate 
for reaction, such as in the MBE (molecular beam epitaxy) method, instead of reacting it in the entire chamber such 

30 as in the MOCVD (metal organic chemical vapor deposition) method. 

[0080] A semiconductor laser according to the invention of claim 51 comprises a substrate, a first cladding layer 
disposed on the substrate and made of a first conductivity type semiconductor, an active layer disposed on the first 
cladding layer, a second cladding layer disposed on the active layer and made of a second conductivity type semicon- 
ductor, and an electric current constriction layer disposed in the inside of or in the vicinity of the second cladding layer, 

35 wherein the electric current constriction layer is made of a ZnO-based compound semiconductor doped with a Group 
IA or Group VB element. 

[0081 ] The electric current injection region can be efficiently narrowed and a blue semiconductor laser with improved 
oscillation efficiency can be obtained if the first cladding layer, the active layer and the second cladding layer are made, 
for example, of ZnO-based or GaN-based compound semiconductor (Group III nitride compound semiconductor). 

40 [0082] By adopting this structure, in a blue semiconductor laser using a ZnO-based or GaN-based compound sem- 
iconductor, by similar crystal growth of a semiconductor layer, an insulated electric current constriction layer can be 
formed successively by growth of the semiconductor layer and can be built near the active layer Moreover since the 
electric current constriction layer is formed of a ZnO-based compound semiconductor an electric current injecting 
portion can be formed easily by wet etching. As a result, the electric current can be injected precisely into a needed 

45 region, and also there will be little damage to the semiconductor layer Therefore, even in the case of epitaxially growing 
a semiconductor layer thereon again, the semiconductor layer can be grown to have a good crystallinity, and the 
threshold value decreases to produce a semiconductor laser being excellent in oscillation efficiency and having high 
characteristics. 

[0083] If the electric current constriction layer is made of Mg 2 Zn«|. z O (0<z<1). the refractive index will be small and, 
50 even if it is disposed near the active layer, it does not absorb the light emitted by the active layer Therefore, it can be 

disposed near the active layer, and a semiconductor laser of real refractive index wave-guiding type is obtained. 

[0084] A semiconductor laser according to the invention of claim 54 comprises a substrate, a first cladding layer 

disposed on the substrate and made of a first conductivity type semiconductor an active layer disposed on the first 

cladding layer a second cladding layer disposed on the active layer and made of a second conductivity type semicon- 
55 ductor, and an electric current constriction layer disposed in the inside of or in the vicinity of the second cladding layer 

and made of Mg z Zn.,_ 2 0 (0£z<1), wherein an etching stopping layer made of Cd s Zn.,_ s O (0<s<1) or Be t Zn vt O (0<t<1 ) 

is disposed on the substrate side of the electric current constriction layer. 

[0085] By adopting this structure, the electric current constriction layer made of Mg z Zn 1 . 2 0 can be etched with good 
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selectivity by etching it with an alkaline etchant because CdgZn^gO has a small etching rate to an alkaline etchant 
though it has a large etching rate to an acidic etchant. Further, since the band gap energy of CdgZn^O becomes larger 
according as the value of s decreases, the absorption of light can be eliminated by using CdZnO having a larger band 
gap energy than the band gap energy of CdZnO of the active layer Furthermore, since Be^Zn^O has a small etching 
5 rate to either of an acidic and alkaline etchants ; the electric current constriction layer can be etched with good selectivity 
by using either etchant. 

[0086] A method of manufacturing a semiconductor laser according to the invention of claim 55 or 56 comprises the 
steps of growing a first conductivity type cladding layer, an active layer and a second conductivity type lower cladding 
layer made of ZnO-based compound semiconductor on a substrate; growing an etching stopping layer made of 

10 Cd s Zn.,_ s O (0<s<1) and an insulating or first conductivity type electric current constriction layer made of Mg^n^O 
(0<z<1) on the second conductivity type lower cladding layer; etching the electric current constriction layer with an 
alkali solution to form an electric current injecting region: and growing a second conductivity type upper cladding layer 
made of a ZnO-based compound semiconductor. The electric current constriction layer may be grown in a similar 
manner by using Be^n^O (0<t<1) as the etching stopping layer, and the electric current constriction layer may be 

75 etched with an acidic or alkaline etchant. 

[0087] An oxide compound semiconductor LED according to the invention of claim 57 has a so-called MIS-type 
structure comprising an n-type layer made of an n-type ZnO-based compound semiconductor an i-layer made of a 
semiinsulating ZnO-based compound semiconductor, and an electrically conductive layer disposed on a surface of the 
i-layer. 

20 [0088] By adopting this structure, an insulating layer is securely obtained with a simple structure, and a stable oxide 
compound semiconductor LED due to the M IS structure is produced. Moreover, light emission having a large brightness 
is obtained with a small electric current, owing to the light emission of excitons of ZnO. 

[0089] This MIS-type oxide compound semiconductor LED can be constructed, specifically, with an n-type layer 
made of an n-typo ZnO-based compound semiconductor, a doped layer in which a ZnO-based compound scmicon- 
25 ductor layer is doped with at least one kind of an element selected from the group consisting of Group IA ; Group IB, 
and Group VB elements, and an electrically conductive layer disposed on a front surface of the doped layer. In this 
case also, the doped layer acts almost as an insulating layer and operates in the same manner as in the aforesaid MIS 
structure. 

[0090] Doping the n-type layer with a Group NIB element produces an effect of stabili7ing the crystals after doping 

30 (for example, Group IV carbon or the like makes the crystals unstable). 

[0091] A semiconductor light emitting device according to the invention of clam 60 comprises a substrate and a light 
emitting layer forming portion disposed on the substrate and forming a light emitting layer by lamination of compound 
semiconductor layers having at least an n-type layer and a p-type layer, wherein the n-type layer is made of a ZnO- 
based compound semiconductor and the p-type layer is made of a GaN-based compound semiconductor. 

35 [0092] By adopting this structure, it is possible to use a p-type GaN-based compound semiconductor instead of a 
ZnO-based compound semiconductor that cannot be easily formed to have a p-type and also, by using a ZnO-based 
compound semiconductor in a light emitting layer portion, a highly efficient electric current injection light-emission of 
pn-junction type can be realized by utilizing light-emission using excitons. Further, by forming an n-type layer made, 
for example, of a ZnO-based compound semiconductor at an upper part, only the ZnO-based compound semiconductor 

40 can be etched by wet etching, since a GaN-based compound semiconductor is present underthe ZnO-based compound 
semiconductor. 

[0093] If an active layer made of Cd^n^O (0<x<0.5) is disposed between the n-type layer and the p-type layer, the 
ZnO-based compound semiconductor layer being excellent in light-emission characteristics can be made as a light 
emitting layer, thereby improving the light emission efficiency. 

45 [0094] If an n-type ZnO-based compound semiconductor layer made of a material having a larger band gap energy 
than the active layer is disposed between the active layer and the p-type layer, it is possible to restrain the influence 
of an interface level accompanying the process of joining a ZnO-based compound semiconductor, a heterogeneous 
semiconductor layer to become a light emitting layer, on a GaN-based compound semiconductor layer with the use of 
a ZnO-based compound semiconductor layer, which does not directly become a light emitting layer, as a buffer layer. 

so [0095] Specifically, the semiconductor light emitting device is constructed with an insulating substrate, a light emitting 
layerforming portion formed of a p-type layer disposed on the insulating substrate and made of a GaN-based compound 
semiconductor and an n-typo layer disposed on the p-type layer and made of a ZnO-based compound semiconductor, 
an n-side electrode disposed on the n-type layer, and a p-side electrode disposed on the p-type layer which is exposed 
by removal of a portion of the ZnO-based compound semiconductor layer through etching. 

55 [0096] If the light emitting layer forming portion has a semiconductor laser structure having a p-type layer made of 
a GaN-based compound semiconductor, an active layer made of a ZnO-based compound semiconductor having a 
smaller band gap energy than the p-type layer, and an n-type layer made of a ZnO-based compound semiconductor 
having a larger band gap energy than the active layer, and if the laminated ZnO-based compound semiconductor layers 
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are removed byetching except for a region for injecting an electric current into the active layer, then the electric current 
injecting region can be defined with certainty and a wasteful electric current is eliminated to realize a highly efficient 
oscillation. 

[0097] If a buffer layer made of an n-type ZnO-based compound semiconductor having a larger band gap energy 
5 than the active layer is disposed between the p-type layer and the active layer, the crystallinity of the active layer can 
be improved. 

BRIEF DESCRIPTION OF THE DRAWINGS 

10 [0098] Fig. 1 is a perspective explanatory view of one embodiment according to a semiconductor light emitting device 
of the present invention. 

[0099] Fig. 2 is a perspective explanatory view of another embodiment according to the present invention. 
[0100] Fig. 3 is a perspective explanatory view of still another embodiment according to the present invention. 
[0101] Fig. 4 is a perspective explanatory view of still another embodiment according to the present invention. 
15 [0102] Fig. 5 is a perspective explanatory view of still another embodiment according to the present invention. 
[0103] Fig. 6 is a perspective explanatory view of still another embodiment according to the present invention. 
[0104] Fig. 7 is an enlarged view for explaining a cross-sectional structure near the active layer of Fig. 6, and a view 
showing the relationship of the band gap of each layer. 

[0105] Fig. 8 is a view showing change in lattice constant when the value of x and z in Cd^n^O and Mg^n^O 
20 are each changed. 

[0106] Fig. 9 is a cross-sectional explanatory view of a LED chip which is still another embodiment according to the 
present invention. 

[0107] Fig. 10 is a cross-sectional explanatory view of a LED chip which is still another embodiment according to 
the present invention. 

25 [0108] Fig. 11 shows curves indicating the vapor pressure of Cd : Zn : and Mg against the temperature. 

[0109] Fig. 12 is a cross-sectional explanatory view of still another embodiment according to the present invention. 
[0110] Fig. 13 is a view for explaining the problems occurring when a ZnO-based compound semiconductor layer 
grows. 

[0111] Fig. 14 is a perspective explanatory view of a LED chip which is still another embodiment according to the 
30 present invention. 

[0112] Fig. 15 is a view showing the light-emission characteristics of an LD in which a reflective film is provided in 
the structure of Fig. 2, as contrasted with an LD having a conventional structure. 

[0113] Fig. 16 is a cross-sectional explanatory view of a LED chip which is still another embodiment according to 
the present invention. 

35 [0114] Fig. 17 is a view showing voltage-current characteristics of an n-side electrode of the example of Fig. 16. 
[0115] Fig. 18 is a cross-sectional explanatory view of a LED chip which is still another embodiment according to 
the present invention. 

[0116] Fig. 19 is a view showing voltage-current characteristics of an n-side electrode of the example of Fig. 18. 
[0117] Fig. 20 is a view showing voltage-current characteristics when an electrode of Al/Ti/Ni is disposed on n-type 
40 ZnO. 

[0118] Fig. 21 is a schematic explanatory view of an MBE apparatus of an example for growing p-type ZnO. 
[0119] Fig. 22 is a view showing change in the carrier concentration against the dope amount of N in p-type ZnO 
grown by the p-type growth method of the present invention. 

[0120] Fig. 23 is a view tor explaining the reason why ZnO cannot be easily made into p-type. 
45 [0121] Fig. 24 is a view showing change in the carrier concentration against the doping amount when ZnO is doped 
with N for making it into p-type by an ordinary method. 

[0122] Fig. 25 is a cross-sectional view for explaining steps in growing p-lype ZnSe on a substrate. 
[0123] Fig. 26 is a view of a time chart for an introduced gas in growing a p-type semiconductor layer by the MOCVD 
method of the present invention. 
so [0124] Fig. 27 is a view showing a relationship of the carrier concentration against the flow rate of a dopant gas in 
doping by the method of Fig. 25. 

[01 25] Fig. 28 is a schematic explanatory view of an example of a crystal growth apparatus according to the present 
invention. 

[0126] Fig. 29 is an enlarged explanatory view of a plasma generating source 50 in the growth apparatus of Fig. 28. 
55 [0127] Fig. 30 is a view showing an X-ray locking curve of a semiconductor layer grown by the apparatus of Fig. 28 : 
as compared with the layer grown by a conventional method. 
[0128] Fig. 31 is an explanatory view of a modified example of Fig. 29. 

[0129] Fig. 32 is a cross-sectional explanatory view of still another embodiment according to the present invention. 
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[0130] Fig. 33 is an explanatory view of an X-ray locking curve when a crystal state is examined by X-ray diffraction. 
[01 31 ] Fig. 34 is a cross-sectional explanatory view of an example of a semiconductor laser according to the present 
invention. 

[01 32] Fig. 35 is a cross-sectional explanatory view of an example of a semiconductor laser according to the present 
5 invention. 

[01 33] Fig. 36 is a cross-sectionai explanatory view of an example of a semiconductor laser according to the present 
invention. 

[0134] Fig. 37 is a view for explaining the influence on a semiconductor laser by the thickness or the material of an 
etching stopping layer. 

10 [0135] Fig. 38 is a view showing a relationship of the etched amount against the etching time of Cd s Zn 1 . s O and 
Be t Zn.,_ t O used as an etching stopping layer. 

[0136] Fig. 39 is a view for explaining the progress of etching in forming a stripe groove by etching. 
[0137] Fig. 40 is a cross-sectional explanatory view of a MIS-type LED chip according to the present invention. 
[0138] Fig. 41 is a cross-sectional explanatory view of another example of a MIS-type LED chip according to the 
*5 present invention. 

[0139] Fig. 42 is a view showing the light-emission characteristics of a LED according to the structure of Fig. 40, as 
compared with the light-emission characteristics of a LED according to a GaN-based MIS structure. 
[0140] Fig. 43 is a view for explaining an atomic structure of ZnO. 

[0141] Fig. 44 is a cross-seclional explanatory view of a LED chip of a semiconductor light emitting device according 
20 to the present invention using a composite semiconductor of a ZnO-based compound and a GaN-based compound. 

[0142] Fig. 45 is a cross-sectional explanatory view of a LD chip of a semiconductor light emitting device according 

to the present invention using a composite semiconductor of a ZnO-based compound and a GaN-based compound. 

[0143] Fig. 46 is an explanatory view of a wavelength range of a blue LED needed in a highly fine DVD. 

[0144] Fig. 47 is a cross-sectional explanatory view of an example of a blue semiconductor light emitting device in 
25 the prior art. 



BEST MODES FOR CARRYING OUT THE INVENTION 



[0145] Next, a semiconductor light emitting device of the present invention will be explained with reference to the 
30 drawings. 

[0146] A semiconductor light emitting device of the'present invention has a structure such that an active layer 5 
emitting light by electric current injection is sandwiched between an n-type cladding layer 4 and a p-type cladding layer 
6 made of materials having a larger band gap than the active layer 5, as illustrated In Fig. 1 showing a perspective 
view of a LED chip as an embodiment thereof, and said active layer 5 is made of an oxide compound semiconductor 

35 containing at least one of Cd and Zn. 

[0147] The active layer 5 is a layer for emitting light by recombination of carriers, and its band gap determines the 
wavelength of the emitted light. A material having a band gap that corresponds to the wavelength of the light to be 
emitted is used. For example, the active layer 5 is a single active layer formed to have a thickness of about 0.3 urn 
The present invention is characterized in that the active layers is made of an oxide compoundsemiconductorcontaining 

40 at least one of Cd and Zn, such as Cd x Zn 1 . x O (0<x<1 , for example, x=0.2). 

[0148] In other words, as previously described, in a conventional blue semiconductor light emitting device that emits 
light by sandwiching an active layer with cladding layers having a larger band gap than the active layer, a gallium nitride 
compound semiconductor is used, and an InGaN-based (which means that the crystal mixing ratio of In can be changed 
to give a desired band gap) compound semiconductor is used as its active layer. However as previously described, 

^5 the InGaN-based compound semiconductor has poor crystallinity and the crystal mixing ratio cannot be increased 
above a certain value, so that emission of light having a wavelength longer than a certain level is not possible. For this 
reason, the inventor of the present invention have repeatedly made eager studies and found out that the band gap can 
be made smaller than the inherent band gap of ZnO by forming a solid solution of ZnO and CdO to make a mixed 
crystal having a general formula Cd x Zn-,_ x O (0<x<1), thereby narrowing the band gap. 

50 [0149] The band gap of this Cd x Zn-,. x O has a smaller band gap according as the value of x increases. In order to 
allow emission of light having a previously described wavelength of about 400 to 430, the value of x is preferably about 
0.02 to 0.4, more preferably about 0.06 to 0.3. However, in the case of emitting light in an ultraviolet region, even if the 
value of x is zero, the light can be emitted if the cladding layers are made of materials (MgZnO having a large crystal 
mixing ratio of Mg) having a larger band gap than the active layer. Here, the active layer 5 is preferably non-doped in 

55 order to avoid formation of a non'-light emitting recombination center. However, the active layer 5 need not be a solid 
solution of Cd and Zn alone, but may be a solid solution further containing another element. Here, in order to obtain 
such a solid solution., a solid solution having a desired crystal mixing ratio can be obtained, for example, by introducing 
reaction gases of Cd, Zn, and O together with a carrier gas by the MOCVD method and adjusting their flow rates, as 
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described later. 

[0150] In the example shown in Fig. 1 , the n-type and p-type cladding layers 4, 6 constituting the light emitting layer 
forming portion 11 together with the active layer 5 are made of MgyZn^O (0<y<1 , for example.. y=0.15). It is sufficient 
if the cladding layers 4 ; 6 have a larger band gap than the active layer 5 and produce an effect of enclosing the carriers 

5 effectively within the active layer 5 ; so that the cladding layers 4. 6 may be made of another Group ill element nitride 
(gallium nitride compound semiconductor) or the like. However use of Mg y Zn.,. y O allows wet etching unlike the case 
of the gallium nitride compound semiconductor and, in the case of a later-mentioned LD or the like, it is preferable 
because it can be easily formed to have a mesa-type shape and an internal current constriction layer can be easily 
built therein. The n-type cladding layer 4 is formed to have a thickness, for example, of about 2 ji m : and the p-type 

10 cladding layer 6 is formed to have a thickness, for example, of about 0.5 um 

[0151] The substrate 1 to be used may be, for example, a sapphire substrate, and also may be a GaN substrate, a 
silicon substrate having SiC formed thereon, a single crystal SiC substrate, or the like including the case in which a 
gallium nitride compound semiconductor is used as a cladding layer. A buffer layer 2 for alleviating the lattice mismatch 
of compound semiconductor is formed, for example, of ZnO to a thickness of about 0.1 |xm on the front surface of the 

is substrate 1. This buffer layer 2 may be either non-doped or of other conductivity if the substrate 1 is an insulating 
substrate such as sapphire. However in the case where the substrate 1 is an electrically conductive substrate and one 
of the electrodes is taken out from the rear surface of the substrate 1 , the buffer layer is formed to have the same 
conductivity as the substrate. Further, an n -type-contact layer 3 made of ZnO is formed to have a thickness of about 
1 lo 2 (im. A p-type conlacl layer 7 made of ZnO is formed to have a thickness of abouL 0.3 jam on the p-lype cladding 

20 layer 6, and a transparent electrode 8 made of ITO or the like is formed on the front surface thereof. Also, by vacuum 
vapor deposition of Ti and Au or the like and the patterning or lift-off method, an n-side electrode pad 9 is formed on 
the n-type contact layer 3 which is exposed by removal of a portion of the laminated semiconductor layers 3 to 7 through 
etching. Further, a p-side electrode 1 0 made of Ni/AI/Au or the like is formed, for example, by the lift-off method on a 
portion of the transparent electrode 8. 

25 [0152] In order to produce this LD, the substrate 1 is set, for example, in an MOCVD apparatus and, with the substrate 
temperature set at about 300 to 600°C, reaction gases and necessary dopant gases are introduced together with a 
carrier gas of H 2 for performing a gaseous phase reaction to grow the semiconductor layers. By successively changing 
the reaction gases or changing their flow rates, a semiconductor layer having a desired crystal mixing ratio can be 
laminated. Here, diethylzinc (Zn(C 2 H 5 ) 2 ) forZn, tetrahydrofuran (C 4 H s O)forO, cyciopentadiethylmagnesium (Cp 2 Mg) 

30 for Mg, and diethylcadmium (Cd(C 2 H 5 ) 2 ) for Cd are used as the reaction gases. As the dopant gases, ethyl chloride 
(C 2 H 5 CI) is supplied as an n-type dopant gas of CI, and plasma N 2 or the like is supplied as a p-type dopant gas. The 
aforesaid thickness of each semiconductor layer can be controlled by controlling the reaction time. 
[0153] Then, the n-type contact layer 3 is exposed by etching a portion of the laminated semiconductor layers by 
the RIE method or the like. Thereafter, the rear surface of the substrate 1 is ground to have a thickness of about 100 

35 ji m, and an n-side electrode pad 9 is formed on the front surface of the exposed n-type contact layer 3, for example, 
by forming a film of Ti/Au or the like through vacuum vapor deposition or the like by means of the lift-off method or the 
like. A transparent electrode 8 is formed by forming an ITO film on the front surface of the p-type contact layer 7 through 
vacuum vapor deposition or the like. Further, a p-side electrode 10 is formed, for example, through vacuum vapor 
deposition of Ni/AI/Au by means of the lift-off method. Thereafter, chips are formed from the obtained waferto produce 

4 0 the LED chip shown in Fig. 1 . 

[0154] Fig. 2 is a perspective explanatory view of an LD chip of electrode stripe type as another embodiment of a 
semiconductor light emitting device according to the present invention. Basically, this LD chip also has the same struc- 
ture as the LED chip of Fig. 1. However, in order to make it into an LD, the main differences lie in that optical wave 
guide layers 14, 16 are disposed between the active layer 15 and the cladding layers in the light emitting layer forming 
portion 11 , and also the active layer 15 is formed to have a multiple quantum well structure. Namely, if the active layer 
15 is formed of a material having a larger refractive index than the cladding layers 4, 6. light can be enclosed within 
the active layer 15. However, if the active layer 15 is thin and cannot sufficiently enclose the light, the light leaks out 
from the.active layer 1 5. Therefore, in order to form a part of an optical wave guide path, the optical wave guide layers 
14, 16 having a refractive index of an intermediate value between the cladding layers 4, 6 and the active layer 15 are 

50 disposed. However, if the light can be enclosed sufficiently with the active layer, the optical wave guide layers 14, 16 
need not be disposed. 

[0155] For detailed description, a buffer layer 2 made of ZnO is formed to have a thickness of about 0.1 jim on a 
sapphire substrate 1, and an n-type contact layer 3 made of ZnO is disposed thereon to have a thickness of about 1 
jim. An n-type cladding layer 4 made of MgyZn-,. y O (0<y<1 , for example. y=0. 15) is disposed thereon to have a thickness 
55 of about 2 um and then an n-type optical wave guide layer 1 4 made of n-type ZnO and constituting a part of an optical 
wave guide path is disposed to have a thickness of about 0.05 u,m. The active layer 15 is formed to have a multiple 
quantum well structure in which barrier layers and well layers made, for example, of non-doped Cd 006 Zn 094 O/ 
Cd 0 .3Zn 0 .7O arc alternately laminated at 50 A and 40 A, respectively, each for 2 to 5 layers. On the active layer 15, a 
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p-type optical wave guide layer 16 made of ZnO and constituting a part of the optical wave guide path is disposed to 
have a thickness of about 0.05 urn and a p-type cladding layer 6 made of MgyZn^O (0<y<1 , for example, y=0.15) is 
disposed to have a thickness of about 2 um and further a p-type contact layer 7 made of ZnO is disposed to have a 
thickness of about 1 jim. Further like the LED chip, an n-side electrode 9 made of Ti/Au or the like is disposed on the 

5 n-type contact layer 3 which is exposed by removal of a portion of the laminated semiconductor layers through etching. 
Furthermore, a p-side electrode 1 0 made ; for example, of Ni/AI/Au or the like is disposed on the surface of the p-type 
contact layer 7. In the case of a semiconductor laser the light is not radiated from an upper surface, but is radiated 
from an edge surface of the active layer 1 5 ; so that a transparent electrode is not needed on the upper surface. There- 
fore, in order to form an electric current passageway, a p-side electrode 10 formed in a stripe shape of a width of about 

10 10 \im is formed directly on the p-type contact layer 7. 

[0156] Even in the case of forming such an LD chip, since the laminated semiconductor layers are oxide semicon- 
ductor layers, the crystallinity of the active layer will be good, its etching is easy, and wet etching can be performed. 
Therefore, even if the substrate is made of sapphire or the like and cannot be easily cleaved, the radiating surface of 
light which is an edge surface of the active layer can be formed as a flat plane, so that a good resonator can be easily 

15 formed. 

[01 57] Fig. 3 is a perspective explanatory view of an LD chip as another embodiment of a semiconductor light emitting 
device according to the present invention. In this example, stripes are not made in the p-side electrode 10 alone, and 
it is formed to have a mesa stripe type structured which up to a portion of the p-type cladding layer 6 is etched in a 
mesa-type shape. This mesa-type etching can be formed simply by forming a mask again simultaneously with the 
20 etching for exposing the n-type contact layer 3. The laminate structure of the other semiconductor layers is the same 
as the structure shown in Fig. 2, and its production method is simitar. 

[01 58] Fig. 4 is a similar explanatory view of an LD chip as still another embodiment of a semiconductor light emitting 
device according to the present invention. This example is an example of an SAS-type structure in which an n-type 
current restricting layer (inner current constriction layer) 17 is disposed on the p-type cladding layer 6 side. In orderto 

25 produce an LD chip of this structure, a buffer layer 2, an n-type contact layer 3, an n-type optical wave guide layer 14, 
an active layer 15, a p-type optical wave guide layer 16, and a p-type cladding layer 6 are successively laminated on 
a substrate 1 as previously described, and then an electric current restricting layer 17 made, for example, of n-type 
Mg 0 2 Zn 0 8 0 is grown to have a thickness of about 0.4 |.im. Then, after the obtained wafer is take out from the crystal 
growth apparatus, a resist film is formed on the front surface and patterned in stripes, and the electric current restricting 

30 layer 1 7 is etched in stripes with the use of an alkali solution such as NaOH to form a stripe groove 18. Thereafter, the 
wafer is returned into the MOCVD apparatus again, and a p-type contact layer 7 made of p-type ZnO is grown in the 
same manner as in the previous example. Then, an n-side electrode 9 and a p-side electrode 10 are formed in the 
same manner as in each of the previous examples, and the wafer is made into chips to produce an LD chip having a 
structure shown in Fig. 4. Here, the p-type cladding layer 6 may be made to have a two-step structure and the electric 

35 current restricting layer 1 7 may be built therebetween. 

[01 59] Since a conventional blue laminate structure using a gallium nitride compound semiconductor is stable against 
chemicals, it is not possible to form a stripe groove by etching the semiconductor layers such as in this example, so 
that the electric current passageway cannot be concentrated up to the vicinity of the active layer. However according 
to the present invention, an electric current restricting layer (internal current constriction layer) 1 7 having a stripe groove 

40 formed therein can be built in a semiconductor layer. 

[0160] Fig. 5 is a similar explanatory view of an LD chip as another embodiment of a semiconductor light emitting 
device according to the present invention. In this example, the substrate 1 is made of an electrically conductive substrate 
instead of sapphire and, as a result, the n-side electrode 9 is disposed on the rear surface of the substrate 1 . in this 
example, a silicon (Si) substrate 1 is used as the substrate; a cubic SiC layer 2 is formed on the front surface of the 

45 Si substrate 1 ; and the previously mentioned semiconductor layers are laminated on the front surface thereof directly 
or through the intermediary of a buffer layer which is not illustrated. The SiC layer 2 is formed, for example, by forming 
a SiC film, which is not illustrated, to a thickness of about 100 A through a carbonizing process by holding the Si 
substrate 1 at about 1020°C for about 60 minutes in an atmosphere of acetylene (C 2 H 2 ) and hydrogen, and then 
growing the SiC film 2 to a thickness of about 2 u.m by the thermal CVD method in the same furnace by introducing 

50 dichlorosiiane (SiH 2 Cl 2 ) as a material gas for Si and C 2 H 2 as a material gas for carbon. The subsequent lamination of 
each semiconductor layer is carried out in the same manner as in the previously described examples. This example 
is directed to a structure in which the semiconductor layers are not etched. However, the lamination of each semicon- 
ductor layer can be grown at a low temperature of about 600°C or less instead of growing it at a high temperature as 
in the case of a gallium nitride compound semiconductor. Therefore, the load imposed on the growth apparatus is 

55 extremely light, the maintenance of the apparatus is easy, and the growth of the semiconductor layers can be carried 
out easily. Furthermore, since the crystallinity of the active layer is excellent, an LD and an LED having a high light- 
emission efficiency can be obtained. 

[0161] For simplicity, the example shown in Fig. 5 is made to have an electrode stripe structure. However, it may 
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have the structure of each of the previously described examples such as a structure in which the electric current 
restricting layer is buried. By using such an electrically conductive substrate, both of the p-side and n-side electrodes 
can be taken out from the upper and lower surfaces of the chip, thereby achieving an. element that can be extremely 
easily handled with for bonding the chip or the like. By using a SiC crystal substrate, a GaN substrate., or the like as 
5 such an electrically conductive substrate instead, an oxide semiconductor can be laminated in the same manner as 
previously described. 

[01 62] In each of the previously described example, an example of a multiple quantum well structure has been shown 
as the active layer of the LD. However, the structure is not limited to the example shown above, and it can be formed 
to have a single quantum well structure or a bulk structure. Furthermore, it goes without saying that, if an optical wave 
10 guide path can be formed sufficiently with the active layer, the optical wave guide layer need not be formed separately. 
This applies to each of the following examples. 

[0163] According to the present invention, a method of narrowing the band gap of ZnO has been obtained, so that 
it is possible to obtain a band gap that emits light from ultraviolet (ZnO can be used as the active layer in the ultraviolet 
region) to a wavelength of 400 to 430 nm required in the light source for a highly fine DVD. by using a ZnO-based 

'5 oxide semiconductor and it can be advantageously used in a semiconductor light emitting device of a short wavelength. 
[01 64] Further since the semiconductor light emitting device according to the above-described examples has a struc- 
ture in which the active layer is sandwiched between the cladding layers, and uses an oxide compound semiconductor 
containing Cd and Zn in producing the emission- of- blue light, the crystallinity does not decrease as in the case of an 
InGaN-based compound semiconductor, so lhal an active layer emitting light near 400 to 430 nm and having an ex- 

20 tremely good crystallinity is obtained. As a result, the light-emission efficiency is improved to produce a blue semicon- 
ductor light emitting device having a high brightness. 

[0165] Furthermore, if an oxide compound semiconductor containing Zn or Mg andZn is used as the cladding layer, 
the cladding layer will have a larger band gap than the active layer, so that the light emitting device can be constructed, 
and also it can be extremely easily handled with because the wet-etching process that cannot be easily carried out in 
25 the case of a gallium nitride compound semiconductor can be carried out, and semiconductor layers can be grown at 
a low temperature of 600°C or less, whereby a blue semiconductor light emitting device can be easily produced. In 
semiconductor lasers, an electric current injection region must be defined. However, since the burying or mesa-etching 
of an electric current restricting layer can be carried out easily, it has a great advantage. 

[01 66] Furthermore, since the aforesaid oxide semiconductor layer can be grown on SiC disposed on a Si substrate 
30 or on a SiC substrate, a vertical-type chip can be made in which the electrodes are taken out from the upper and lower 
surfaces of the chip. As a result, it is sufficients perform wire-bonding on only one electrode, thereby greatly improving 
the handling property. 

[0167] According to the present invention, blue light emission can be made by using a ZnO-based oxide semicon- 
ductor layer which is different from a conventional gallium nitride compound semiconductor, thereby manufacturing a 
35 semiconductor light emitting device having a high light-emission efficiency by using a semiconductor layer having a 
good crystallinity. 

[0168] Furthermore, by using a ZnO-based oxide semiconductor, the semiconductor layers can be laminated at an 
extremely low temperature as compared with the gallium nitride compound semiconductor, whereby the load imposed 
on the growth apparatus will be extremely light, and wet etching can be carried out to enable lamination of stable 
40 semiconductor layers that can be easily handled with. 

[0169] Fig. 6 shows a perspective view of an LD chip as still another embodiment. In this example, the active layer 
15 is made of a bulk layer of Cd x 2n 1 . x O (0<x<1) or a quantum well structure formed by composition modulation of 
Cd x Zn-,_ x O (0<x<1), and stress-alleviating layers 24, 26 made, for example, of Mg^n^O (0<w<1) and made of a 
material of a composition having approximately the same lattice constant as the material of the active layer at its contact 
portion are disposed on the n-type cladding layer 4 side and the p-type cladding layer 6 side of the active layer 15 so 
as to be in contact with the active layer 15. 

[0170] As previously mentioned, the active layer 15 is a layer thai emits light by recombination of carriers, and the 
wavelength of the emitted light is determined by its band gap, so that a material having a band gap corresponding to 
the wavelength of the light to be emitted is used. In this example, Cd^n^O (0<x<1 ) obtained by narrowing the band 

50 gap of ZnO with the use of Cd is used. For example, the active layer 15 is formed to have a multiple quantum well 
structure in which barrier layers and well layers made, for example, of non-doped Cd 0 06 Zn 0 94 O/Cd 0 3 Zn 0 7 0 are al- 
ternately laminated at 50 A and 40 A, respectively, each for 2 to 5 layers. In this structure, well layers 15a made of 
Cd 03 Zn 07 O and barrier layers 15b made of Cd 0 06 Zn 094 O are alternately laminated, and the last layer ends with a 
well layer 1 5a, as illustrated, for example, in Fig. 7 showing an enlarged cross-sectional view of the vicinity of the active 

55 layer 15 and a state of change in its band gap as an example. In this example, stress-alleviating layers 24, 26 made 
of Mg 0 35 Zn 0 65 0 having approximately the same lattice constant as Cd 0 3 Zn 0 7 0 are disposed on both sides of the 
active layer 15. 

[0171] The n-type and p-type stress-alleviating layers 24, 26 are made of Mg^n^jD (0<w<1) or a Group III nitride 
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compound semiconductor having approximately the same lattice constant as the composition on the outermost side 
of the active layer 15 and having a larger band gap than the active layer, and each stress-alleviating layer is formed 
to have a thickness of about 0.02 pirn. In other words., as previously described, when mixed crystals of ZnO with Cd or 
Mg are formed, the lattice constant will each be larger than ZnO, as shown in Fig. 8 ; and the same tendency is found 

5 both in the CdZnO system and the MgZnO system. For this reason, the wavelength of the light to be emitted determines 
■ the value of x in Cd x Zn 1 . x O of the active layer and ; in accordance with its lattice constant; the value of w in Mg w Zn.,_ w O 
is determined to define the composition of the stress-alleviating layers 24, 26. However a Group III nitride compound 
semiconductor having a composition with approximately the same lattice constant can be used. 
[0172] The stress-alleviating layers 24, 26 serve to prevent the stress, which comes from the cladding layers or the 

10 like having a different lattice constant from the active layer 15, from reaching the active layer 15, and may have a 
thickness capable of absorbing the stress such as, for example, about 0.005 to 0.1 urn more preferably 0.01 to 0.05 
jim. If the thickness is too large, a problem of stress generation in the cladding layers arises, whereas if the thickness 
is too small, a stress is imposed on the active layer 15. 

[0173] In the previously described example, the active layer 15 has a multiple quantum well structure, and its outer- 

15 most layer is made of a well layer. However, in some cases, the active layer ends with a barrier layer. In such a case, 
the stress-alleviating layers 24, 26 are formed to have a composition corresponding to the lattice constant of the barrier 
layer. Here ; if the barrier layer becomes an optical wave guide layer as it is, the composition is made to correspond to 
the lattice constant of the well layer. Further, if trre active layer is made of a bulk layer formed with a single layer having 
the same composition, the stress-alleviating layers 24, 26 are formed Lo meet lo the lattice constant corresponding to 

20 the composition of the active layer 15. Furthermore, in the example shown in Fig. 6, the n-type and p-type stress- 
alleviating layers 24, 26 are disposed on both sides of the active layer 15. However, the effect of a stress-alleviating 
layer is large even if it is disposed on only one side of the active layer 1 5 instead of being disposed on both sides thereof. 
[01 74] The other constituents such as the substrate, the cladding layers, and the optical wave guide layers, and their 
production methods arc the same as in the previously described example shown in Fig. 2, so that their explanation 

25 will be omitted by using the same reference numbers. 

[0175] By disposing the stress-alleviating layers, while narrowing the band gap by forming mixed crystals of ZnO 
with Cd and allowing emission of blue light, a semiconductor layer having a larger band gap in correspondence with 
the lattice constant of the active layer is obtained by forming mixed crystals of ZnO with Mg, so that the semiconductor 
layer (stress-alleviating layer) having the same lattice constant as the active layer and having a larger band gap can 

30 be laminated to be in direct contact with the active layer. Therefore, the stress accompanying the lattice mismatch of 
the cladding layers and the like is absorbed by the stress-alleviating layer, so that a stress accompanying the lattice 
mismatch is not imposed directly on the active layer, thereby preventing generation of a piezoelectric field. As a result, 
the threshold voltage can be reduced, and the element can be operated at a low threshold voltage even if it is not 
doped with an impurity. If a light emitting device can be formed without being doped with an impurity, it is possible to 

35 avoid generation of a non-light emitting recombination center. This restrains the generation of heat in the element and 
produces a tremendous effect on the improvement of life, which raises the largest problem in semiconductor lasers, 
particularly in the improvement of life at the time of producing a high output. 

[0176] The previously described example, is directed to an LD. However, even in the case of an LED, if it is a high- 
output LED in which the active layer is sandwiched between cladding layers, the threshold voltage can be lowered in 
40 the same manner by interposing the stress-alleviating layers, thereby manufacturing a LED of high output with low- 
voltage driving. 

[0177] According to the invention in which the stress-alleviating layer is disposed, the stress accompanying the lattice 
mismatch is not imposed on the active layer in a semiconductor light emitting device having a double heterojunction 
structure in which the active layer is sandwiched between the cladding layers, so that the threshold voltage can be 
45 lowered without doping the active layer. As a result, even in the case of constructing a semiconductor laser of high 
output in particular, the heat generation can be restrained to achieve a long life, thereby greatly improving the reliability 
of a blue compound semiconductor light emitting device. 

[0178] Fig. 9 is a cross-sectional view of a LED chip as still another embodiment. This example solves the problem 
that, in growing a cladding layer or the like containing ZnO or Mg at a high temperature after growing the active layer, 
50 Cd in the active layer is evaporated and escapes, due to the temperature rise, before the semiconductor layer such 
as ZnO is grown. 

[0179] Inotherwords, referring to the vapor pressure curves of Cd,Zn, and Mg shown in Fig. 1 1 , the vapor pressures 
of these metals at the same temperature satisfy the relationship: Cd>Zn>Mg. This means that the temperatures for 
obtaining the same vapor pressure satisfy Mg>Zn>Cd. For example, in growth by the ordinary MBE method, the evap- 
55 oration temperature of the metal as a material is generally adjusted so that the vapor pressure thereof will be about 
10* 3 to 10' 4 Torr. In such a case, the evaporation temperatures of Cd, Zn, and Mg will be adjusted to be about 200 to 
250°C, 250 to 300°C, and 400 to 450°C, respectively. In this case, in view of the effect of migration (movement of 
different kinds of atoms contacting with each other on the substrate surface to fill the crystal defects of each other) 
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after the evaporated atoms have reached the substrate, the substrate4emperature also is generally adjusted in pro- 
portion to the evaporation temperature. In other words , in trying to grow an active layer made, for example, of Cd x Zn.,_ x O 
and then to grow an optical wave guide layer or a cladding layer made of ZnO or Mg y Zn.,_ y O by the MBE method or 
the like, the growth temperature thereof must be raised to be higher than the temperature of growing the active layer. 

5 [0180] For this reason, the band gap energy does not lower and it is not possible to increase the light-emission 
wavelength and, in trying to grow the active layer at a large crystal mixing ratio of Cd, only the evaporated amount of 
Cd in a later step will be large, and the light-emission wavelength cannot be increased and, on the contrary, the site 
from which Cd has escaped will be a lattice defect, thereby decreasing the light-emission characteristics. The example 
shown in Fig. 9 gives a ZnO-based compound semiconductor light emitting device having improved crystallinity and 

10 excellent light-emission characteristics with restrained evaporation of Cd and being capable of emitting light from blue 
to green, and a method for manufacturing the same. 

[0181] The inventors of the present invention have repeatedly made eager studies in order to narrow the band gap 
energy and to allow emission of light from blue to green in a ZnO-based compound semiconductor light emitting device 
having an active layer made of Cd x Zn 1 . x O, and have found out that, by disposing an evaporation-preventing layer 

75 made of ZnO on the surface of the active layer at a low temperature of the same degree as the growth temperature of 
the active layer so as to prevent evaporation of Cd in the active layermade of mixed crystal Cd x Zn Vx O in the subsequent 
step of growing ZnO or MgZnO, the crystal mixing ratio of Cd can be sufficiently increased to enable emission of blue 
light having a wavelength of about 410 nm with-Cd contained at about 30% (x=0.3), and also the crystallinity of the 
active layer will be improved by prevention of the evaporation of Cd thereby to produce a ZnO-based compound sern- 

20 (conductor light emitting device having excellent light-emission characteristics. 

[0182] The ZnO-based compound semiconductor light emitting device according to this example includes a light 
emitting layer forming portion 11 in which an active layer 5 made of Cd x Zn 1 . x O (0<x<1) is sandwiched between a lower 
cladding layer 4 and an upper cladding layer 6 made of ZnO-based compound semiconductor as illustrated in Fig. 9 
showing a cross-sectional explanatory view of a LED chip. Further, it is characterized in that a low temperature ZnO 

25 layer (Cd evaporation preventing layer) 20 is disposed at least on the active layer 5 side between the active layer 5 
and the upper cladding layer 6. 

[01 83] The low temperature ZnO layer 20 is formed as follows. After the active layer 5 containing Cd is grown, the 
Cd source is closed to grow ZnO successively without raising the temperature. In other words, since the vapor pressure 
of Cd is high, the active layer 5 containing Cd is grown at a low temperature of about 200 to 250°C as described before, 

30 and MgyZn^yO grown thereon as the cladding layer 6 is usually grown at a high temperature of about 400 to 450°C 
because the vapor pressure of Mg is low. However, as described before, the inventors of the present invention have 
found out that, when the active layer 5 is grown and then the temperature of the substrate is raised to grow a next 
semiconductor layer Cd of the active layer 5 is evaporated to produce crystal defects, and also the crystal mixing ratio 
of Cd lowers. The low temperature ZnO layer 20 is disposed in order to prevent this evaporation of Cd. 

35 [0184] The inventors of the present invention have confirmed that, since the low temperature ZnO layer 20 serves 
to prevent evaporation of Cd, it is sufficient if the low temperature ZnO layer 20 is disposed to cover the surface of the 
active layer 20, and the evaporation of Cd can be sufficiently prevented if it is disposed to have a thickness of about 
100 to 1000 A. Further, in order to prevent the evaporation of Cd, the growth temperature is preferably as low as 
possible. However, if the growth temperature is too low, the growth of ZnO itself does not proceed, so that the evapo- 

40 ration of Cd is liable to occur Therefore, the growth temperature is about 200 to 300°C, and more preferably about 
the growth temperature of the active layer 5, which temperature has been found to be the most effective. 
[0185] In the example shown in Fig. 9, the light emitting layer forming portion 11 has a structure such that an active 
layer 5 made of Cd x Zn 1 . x O (0<x<1 ; for example, x=0.3) is sandwiched between lower (n-type) and upper (p-type) 
cladding layers 4. 6 made of Mg y Zn.,_ y O (0<y<1, for example, y=0.15). In this example, a low temperature ZnO layer 

45 (evaporation preventing layer) 20 is disposed on the upper surface of the active layers, as previously described. This 
low temperature ZnO layer 20 also has a larger band gap energy than the active layer 5, and also produces an effect 
of enclosing the carriers. However the low Lemperature ZnO layer 20 has an extremely small thickness of 100 to 1000 
A as described before, so that the upper cladding layer 6 has an effect of enclosing the carriers with little influence 
from the low temperature ZnO layer 20. 

50 [0186] The active layer 5 is a layer that emits light by recombination of carriers, and its band gap energy determines 
the wavelength of the emitted light, so that a material having a band gap energy corresponding to the wavelength of 
the light to be emitted is used to form, for example,, a single active layer having a thickness of about 0.1 am. The band 
gap energy of Cd x n Vx O decreases according as the value of x increases. For example, in order to emit light having a 
wavelength of about 430 nm, the value of x is preferably about 0.32. In the prior art, it was not possible to obtain 

55 Cd x Zn 1 . x O having such a large crystal mixing ratio of Cd. The present invention prevents evaporation of Cd to produce 
Cd^n^O in which the crystal mixing ratio of Cd is about 32%. The active layer 5 is preferably non-doped in order to 
avoid formation of a non-light emitting recombination center. 

[0187] In this example, the substrate 1 is an n-type ZnO substrate. However it is not limited to this alone, and may 
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be one of the various previously-described substrates such as sapphire : GaN : GaP ; and SiC. The n-type and p-type 
cladding layers 4, 6 and others may be as described in the previous examples, so that their explanation will be omitted 
by referring to like parts with like reference numbers. 

[0188] As previously described, in this example, a low temperature ZnO layer is disposed on the Cd^n^O active 
5 layer, so that the evaporation of Cd in the active layer is inhibited even if the subsequent cladding layers made of 
MgyZn^yO are grown at a high temperature of about 400°C or more. Further while the low temperature ZnO layer is 
grown, Cd does not evaporate so much because the growth temperature thereof is a low temperature of the same 
degree as the temperature for growing the active layer. Therefore, Cd introduced into mixed crystals in growing the 
active layer can be maintained almost as it is. As a result, crystal defects caused by evaporation of Cd from the active 
10 layer or the decrease in the crystal mixing ratio caused by the evaporation of Cd do not occur, whereby an active layer 
having a desired band gap energy and being excellent in crystallinity is obtained to produce a semiconductor light 
emitting device from blue to slightly green with excellent light-emission efficiency. 

[0189] Next, the method of manufacturing the LED will be described. For example, a substrate 1 made of ZnO or 
the like is set in an MBE (molecular beam epitaxy) apparatus; the temperature of the substrate 1 is set at about 300 

15 to 350°C; the substrate 1 is placed under a condition of radiating plasma oxygen; the shutter of a source (cell) of Zn 
is opened to radiate Zn; and also the shutter of an n-type dopant Al is opened thereby to grow an n-type contact layer 
3 made of n-type ZnO to a thickness of about 0.5 urn. Then, the shutter of a source (cell) of Mg is also opened, and 
the temperature of the substrate 1 is set at about 400 to 450°C to grow an n-type lower cladding layer 4 made of 
Mg 0 15 Zn 0 85 0 to a thickness of about 1 u,m. 

20 [0190] Next, in order to grow an active layer 5, the substrate temperature is lowered to about 200 to 250°C, and the 
cell for Mg and the cell of the dopant Al are closed, and the shutter of a cell which is the source metal of Cd is opened 
to radiate Cd thereby to grow Cd 0 32 Zn 0 68 0 to a thickness of about 0.1 ujti. Then, the shutter of the cell of Cd is closed, 
and an evaporation preventing layer 20 made of ZnO is grown to a thickness of about 0.05 jim at the same temperature. 
[0191] Further, the substrate temperature is set at about 400 to 450°C, and a p-type cladding layer 6 and a p-type 

25 contact layer 7 are grown in the same manner to thicknesses of about 1 ujti and about 0.5 u.m, respectively, thereby 
to grow a semiconductor laminate section 12. Here, if the layers were to have p-type, they were formed by the later- 
mentioned simultaneous doping process using plasma-excited N 2 and Al. 

[0192] Thereafter, the epitaxially grown wafer is taken out from the MBE apparatus, and put into a sputtering appa- 
ratus to form a transparent electrically conductive film ITO to a thickness of about 0.2 urn as a transparent electrode 

30 8. Then, the rear surface of the substrate 1 is ground to a thickness of about 100 urn in the same manner as in the 
previously described example: and an n-side electrode 9 made of Ti/AI or the like is formed over the entire rear surface 
of the substrate 1, and a p-side electrode 10 made of Ni/AI or the like is formed on the transparent electrode 8, each 
to a thickness of about 0.2 uxn by vacuum vapor deposition using the lift-off method, for example. Thereafter, the wafer 
is made into chips to produce the LED chip shown in Fig. 9. 

35 [0193] If a ZnO-based compound semiconductor layer is grown by such a method, evaporation of Cd having a large 
vapor pressure can be prevented, whereby the band gap energy of the active layer can be sufficiently lowered to allow 
emission of light having a long wavelength, and also the crystallinity of the active layer can be improved to produce a 
ZnO-based compound semiconductor light emitting device having excellent light-emission characteristics with a color 
from blue to slightly green. 

40 [0194] The previously described example was an example of an LED. However, the same applies in the case of an 
LD as well. In this case, the light emitting layer forming portion 11 is a little different. For example, the active layer 15 
is preferably formed to have a multiple quantum well structure in which barrier layers and well layers made of non- 
doped Cd 003 Zn 0 97 O/Cd 0 2 Zn 0 8 0 are alternately laminated at 50 A and 40 A, respectively, each for 2 to 5 layers. 
Further, if the active layer 15 is thin and cannot sufficiently enclose the light within the active layer 15, the optical wave 

45 guide layers 14, 16 made, for example, of ZnO are disposed on both sides of the active layer 15. However, a Cd- 
evaporation-preventing layer 20 made of low temperature ZnO is disposed between the active layer 1 5 and the optical 
wave guide layers 14, 16 in this case as well. Further, the transparent electrode made of ITO is unnecessary, and the 
semiconductor laminate section is formed to have a structure in which the electric current injection region is defined 
by directly forming a p-side electrode 10 in patterned stripes, by etching an upper portion of the semiconductor layer 

50 in a mesa-type shape, or by burying an electric current constriction layer. An example of a structure in which the electric 
current constriction layer is formed will be shown in Fig. 1 0. 

[0195] In order to produce an LD chip having an SAS-type structure shown in Fig. 10, an n-type contact layer 3, an 
n-type cladding layer 4, an n-type optical wave guide layer 14 made of n-type ZnO and having a thickness of about 
0.05 urn are successively grown on a substrate 1 at the aforesaid high temperature in the same manner as described 
55 before. Subsequently, the active layer 15 of the aforesaid multiple quantum well structure is grown at a temperature 
of about 200 to 250°C, and then an evaporation preventing layer 20, which is a low temperature ZnO layer, is grown 
to a thickness of about 0.05 urn at the same temperature. After a p-type optical wave guide layer 16 made of p-type 
ZnO and having a thickness of about 0.05 u,m and a p-type cladding layer 6 are successively laminated thereon at the 
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aforesaid high temperature., an electric current constriction layer 1 7 made : for example, of n-type Mg 0 2 Zn 0 8 0 is grown 
to a thickness of about 0.4 urn Then, the wafer is taken out from the crystal growth apparatus; a resist film is disposed 
on the front surface thereof and patterned into stripes; and the electric cu rrent constriction layer 1 7 is etched into stripes 
with the use of an alkali solution such as NaOH to form a stripe groove 18. Thereafter the wafer is returned into the 
5 MBE apparatus to grow a p-type contact layer 7 made of p-type ZnO in the same manner as in the previously described 
example. Then : a p-side electrode 10 and an n-side electrode 9 are formed in the same manner as in each of the 
previous examples and made into chips to produce an LD chip having a structure shown in Fig. 10. Here, the two 
cladding layers 4 : 6. the optical wave guide layers 14, 16, and the active layer 15 constitute the light emitting layer 
forming portion 11 . 

10 [01 96] According to this example., evaporation of Cd that reduces the band gap energy of the ZnO-based compound 
semiconductor layer used particularly in a blue semiconductor light emitting device can be restrained to sufficiently 
increase the crystal mixing ratio and to grow a CdZnO-based active layer having an excellent crystal linity, whereby a 
ZnO-based compound semiconductor light emitting device that emits light from blue to green can be obtained with 
high light-emission efficiency. As a result, light-emission characteristics such as light-emission efficiency particularly 

75 of a currently desired semiconductor light emitting device such as a blue LED or LD can be improved with a new material. 
[0197] Fig. 12 shows an example in which a ZnO-based oxide semiconductor layer is grown with good crystallinity 
to improve the light-emission characteristics. Namely, unlike the GaN-based compound semiconductor, the ZnO-based 
compound semiconductor grows smoothly in the longitudinal direction but grows little in the lateral direction. In other 
words, although growth in the c-axis direction is rapid, growth in the a-axis direction is slow as compared with this. 

20 Therefore, as schematically shown in Fig. 13(a) illustrating the state of crystal growth, a crystal layer 64 is formed by 
rapid growth to form a layer A having an extremely good crystallinity at a site where a nucleus that starts the initial 
crystal growth is present on a substrate 63, whereas the growth is slow at a site B and a crystal grain boundary is 
formed to give an extremely poor crystallinity where the nucleus is absent on the surface of the substrate 63. On 
examination of this state by X-ray diffraction, the site B where the crystal grain boundary is present has a spectrum 

25 with a wide foot relative to the rotation angle o> of the substrate 63, as shown in Fig. 13 (b). Thus, as compared with 
GaN-based compound semiconductor, it is even more difficult to obtain good crystallinity of ZnO-based compound 
semiconductor, because not only the lattice mismatch but also the crystal grain boundary are liable to be generated. 
[0198] The inventors of the present invention have repeatedly made eager studies in order to grow the ZnO-based 
compound semiconductor with good crystallinity and found out that, at a site where the crystal grain boundary is gen- 

30 erated as previously described, the initial nucleus is absent on the substrate and the crystal growth is slow on the 
substrate surface with no lateral growth, so that the crystal growth thereon does not proceed smoothly. By further 
repeated studies, the inventors have found out that, by intervening an Al 2 0 3 film on a sapphire substrate, ZnO-based 
compound semiconductor that grows thereon grows with good crystallinity. 

[0199] As shown in Fig. 12 illustrating across-sectional explanatory view of a LED chip, a semiconductor light emitting 
35 device according to this example includes a buffer layer 2 made of Al 2 0 3 on a sapphire substrate 1 . Further, on the 
buffer layer 2, a light emitting layer forming portion 11 is disposed which is made of ZnO-based compound semicon- 
ductor and which includes at least an n-type layer (n-type cladding layer 4) and a p-type layer (p-type cladding layer 
6) to form a light emitting layer (active layer 5). 

[0200] The buffer layer 2 is made of an Al 2 0 3 film formed to a thickness of about 500 to 2000 A, preferably about 
40 1000 A, by a sputtering apparatus, vacuum vapor deposition, or the MBE method. Use of an MBE apparatus is especially 
preferable because it can be grown successively with the use of the same apparatus as the apparatus for crystal growth 
of a subsequent ZnO-based compound semiconductor layer. Preferably, the Al 2 0 3 film is formed first at a low temper- 
ature of about 100 to 200°C, and then an annealing treatment is carried out at a high temperature of about 800°C for 
about 20 to 40 minutes, for example, by an MBE apparatus for crystallization, because then a uniform Al 2 0 3 film can 
^5 be formed and the initial nucleus can be easily generated irrespective of the surface state of the sapphire substrate 1 . 
This buffer layer 2 may be non-doped or of other conductivity as long as the substrate 1 is an insulating substrate such 
as a sapphire substrate. 

[0201] The construction of the light emitting layer forming portion 11 . the electrodes, and others is the same as in 
the LED chip of each of the previously described examples and is not illustrated in the drawings. However, as previously 

50 described, a transparent electrode such as made of ITO may be disposed on the surface. The same parts as in the 
previously described examples will be denoted with the same reference numerals and their explanation will be omitted. 
[0202] In order to produce this LED, a sapphire substrate 1 is set. for example, in a sputtering apparatus, and a 
sputtering process is carried out with the substrate temperature of about 100 to 200°C to form an Al 2 0 3 film of about 
1000 A. The Al 2 0 3 film may be formed by introducing a plasma-excited oxygen gas while sputtering Al from an Al cell 

55 with the use of an MBE apparatus. Thereafter, the sapphire substrate 1 is put. for example, into an MBE apparatus, 
and the substrate temperature is raised to about 800°C to perform an annealing treatment for about 20 to 40 minutes. 
Then, each semiconductor layer is laminated successively with the use of the MBE apparatus, and electrodes and 
others are formed in the same manner as previously described to produce a LED chip shown in Fig. 12. 
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[0203] The previously described example is an example of LED. However, the same applies in the case of an LD. 
An LD chip having each of the aforesaid structures can be produced by disposing a buffer layer made of Al 2 0 3 film on 
a sapphire substrate. 

[0204] By growing a ZnO-based compound semiconductor after a buffer layer made of Al 2 0 3 film is formed with the 

5 use of a sapphire substrate, an initial crystal nucleus is formed uniformly over the entire surface of the Al 2 0 5 film unlike 
the surface of a mechanically ground sapphire substrate. Since the semiconductor layer that grows thereon grows with 
the initial crystal nucleus serving as a seed, the crystal grain boundary is not formed : and the ZnO-based compound 
semiconductor layer grows uniformly over the entire surface. As a result, it is possible to grow a ZnO-based compound 
semiconductor layer having an extremely excellent crystal! inity, thereby manufacturing an LED or LD having excellent 

10 light-emission characteristics. 

[0205] Here : an excellent crystal layer can be formed if the Al 2 0 3 film is first formed at a low temperature such that 
the Ai 2 0 3 film is not turned into a single crystal and thereafter the temperature is raised to a temperature for crystal 
growth (an annealing treatment is carried out), as compared with the growth of Al 2 0 3 film into a single crystal at a high 
temperature from the beginning. In other words, if the Al 2 0 3 film is formed at a low temperature, the film is formed in 

75 an amorphous state instead of a single crystal state. Therefore, even if the surface of the sapphire substrate is not a 
complete crystal surface by mechanical grinding and chemical etching, the film can be formed easily. Thereafter at 
least the front surface side of the amorphous Al 2 0 3 film turns into a single crystal by the high temperature process, so 
that an initial nucleus is formed overthe entire surface, and a uniform crystal layer easily grows over the entire surface. 
However a single crystal Ai 2 0 3 film, if grown as a buffer layer has the same crystal strucLure as the sapphire substrate, 

20 so that a buffer layer with far fewer crystal defects can be produced as compared with the case of directly growing a 
different semiconductor layer such as ZnO. 

[0206] According to this example, in the case of growing a ZnO-based compound semiconductor layer, which does 
not easily grow particularly in the lateral direction, on a sapphire substrate, an Al 2 0 3 film is formed as a buffer layer 
and a crystal nucleus of initial growth is formed, so that the crystal nucleus is formed uniformly over the entire surface 
^5 of the buffer layer thereby making it possible to grow a ZnO-based compound semiconductor layer having excellent 
crystallinity, As a result, a semiconductor layer having excellent crystallinity is produced, and a semiconductor light 
emitting device such as an LED or LD having excellent light-emission characteristics such as light-emission efficiency 
is produced. 

[0207] The inventors of the present invention have made further eager studies in order to grow an oxide semicon- 
30 ductor layer with good crystallinity. As previously described, each of the conventional blue semiconductor light emitting 
devices uses a sapphire substrate as the substrate, and it cannot be easily handled with in view of the cleavage property 
in manufacturing an LD. Even in the case of GaN-based compound semiconductor that is actually put into practical 
use most, eager studies are being made to fabricate a GaN substrate using 6H-SSC or ELOG (epitaxially lateral over 
growth) having a cleavage property. For this reason, it is desired to grow an oxide compound semiconductor such as 
35 ZnO-based compound semiconductor as a semiconductor layer with good crystallinity, and to epitaxially grow the oxide 
compound semiconductor without being affected by the characteristics of the substrate. 

[0208] As a result of eager studies, the inventors of the present invention have found out that, at the site where a 
grain boundary is generated in the crystals, the initial crystal nucleus is absent on the substrate, and the crystal growth 
on the substrate surface is slow with no lateral growth in the a-axis direction, so that the crystal growth thereon does 

40 not proceed smoothly, as previously described. As a result of repeated further studies, the inventors have found out 
that, by forming a non-crystalline or poiycrystalline oxide film containing Zn on a substrate at a low temperature of 
about 1 00 to 300°C and then raising the substrate temperature to the epitaxial growth temperature, a crystal nucleus 
is generated uniformly over the entire surface of the ZnO-based oxide film to alleviate the restraint of the substrate to 
some extent and, with the crystal nucleus serving as a seed, a ZnO-based oxide compound semiconductor layer having 

^5 excellent crystallinity can be epitaxially grown. 

[0209] Namely, though structurally being the same as the structure shown in Fig. 1 , a semiconductor laminate section 
12 made of oxide compound semiconductor layer such as ZnO and including a light emitting layer forming porlion 11 
is disposed on a substrate 1 , and an oxide thin film containing Zn is disposed as a buffer layer 2 on the front surface 
of the substrate 1 at a low temperature than the temperature for growing the semiconductor layers of the semiconductor 

50 laminate section 12 and is interposed between the semiconductor laminate section 12 and the substrate 1 . 

[021 0] The example shown in Fig. 1 is an example of a blue LED chip having a ZnO-based compound semiconductor 
laminated on a sapphire substrate 1 . In this example, however the substrate 1 is not limited to a sapphire substrate 
alone, and may be GaN, GaP, SiC, or the like. 

[0211] The buffer layer 2 may be made of an oxide containing Zn, such as ZnO. The buffer layer 2 is preferably an 
55 oxide semiconductor layer having the same composition as the first epitaxially grown semiconductor layer of the sem- 
iconductor laminate section grown thereon, because then a homojunction is formed to give a good lattice matching. 
The film of the buffer layer 2 is formed at a low temperature in an apparatus for growing the semiconductor laminate 
section 12, and is formed, for example, by putting the sapphire substrate 1 into an MBE apparatus and raising the 
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substrate temperature to about 300°C to form the film to a thickness of about 6.05 urn At this growth temperature, the 
buffer layer 2 does not turn into a single crystal. However, by raising the temperature up to about 650°C while radiating 
an oxygen plasma in subsequently growing ZnO ; a fine crystal nucleus is formed uniformly on the surface thereof in 
correspondence with each crystal of the ZnO-based oxide. The ZnO layer that grows thereon starts growing with the 
help of the crystal nucleus serving as a seed ; so that the ZnO layer starts growing uniformly on the buffer layer 2. In 
other words, by disposing the buffer layer 2 made of an oxide film containing Zn disposed at a low temperature, it is 
possible to grow an oxide compound semiconductor crystal layer having few crystal defects with the help of the crystal 
nucleus serving as a seed formed on the surface of the buffer layer without being restrained by the crystal structure 
of the substrate so much. 

[0212] Thus, the buffer layer 2 must be disposed so that the initial nucleus is generated uniformly on the substrate 
surface. For that purpose, the film of the buffer layer 2 must be formed to a thickness of about 20 to 200 nm, more 
preferably 50 to 100 nm, at a low temperature of about 100 to 300°C by the MBE method, the MOCVD method, or the 
plasma CVD method. If the buffer layer 2 is too thick, crystallization of the buffer layer does not take place easily, so 
that it is difficult for the initial nucleus to be generated on the surface, whereas if it is too thin, the initial nucleus is not 
generated uniformly. The buffer layer of ZnO can be formed by using Zn and O plasma as sources in forming the film 
with the MBE method, by using dimethylzinc (DMZn) and tetrahydrofuran as reaction gases in forming the film with 
the MOCVD method, and using DMZn and O plasma as reaction gases in forming the film with the plasma CVD method. 
[0213] The other constituents such as the light emitting layer forming portion 11 and the electrodes can be selected 
from a variety of constituents in the previously described examples. 

[0214] In order to produce this LED, a sapphire substrate 1 is set, for example, in an MBE apparatus and, with the 
temperature of about 300°C, Zn and oxygen are radiated to form a film of non-crystalline ZnO layer 2 to a thickness 
of about 0.05 jim. Then, while continuing the oxygen radiation, the temperature is raised so that the substrate temper- 
ature will be about 650°C. By this temperature raising, the surface of the buffer layer 2 is crystallized to generate a 
crystal nucleus uniformly. When the substrate temperature roaches 650°C : the shutter of a source (cell) of Zn is opened 
and, while radiating Zn again, the shutter of an n-type dopant Al is also opened to grow an n-type contact layer 3 made 
of n-type ZnO to a thickness of about 1 .5 jam. Subsequently, while sputtering the constituent elements, such as Zn, 
Mg, and Cd, of each semiconductor layer of the semiconductor laminate section 12 such as the light emitting layer 
forming portion 1 1 from cells, the semiconductor layers are successively grown to the aforesaid thicknesses each with 
the aforesaid composition. Here, if an n-type semiconductor layer was to be formed, it was formed by doping through 
sputtering Al, whereas if a p-type semiconductor layer was to be formed, it was formed by simultaneous doping with 
a later-mentioned plasma-excited N 2 and Al serving as a buffering agent. 

[0215] Thereafter, the epitaxially grown wafer was taken out from the MBE apparatus, and the electrodes 9, 10 were 
formed in the same manner as described before. 

[0216] According to the present invention in which the buffer layer of a low temperature ZnO-based compound is 
disposed, a film of an oxide compound containing Zn is formed in a non-crystalline or polycrystaillne structure on a 
substrate at a low temperature, and an oxide compound semiconductor layer is formed thereon at a high temperature 
of about 650°C, so that a crystal nucleus which is a small single crystal portion of the oxide semiconductor layer is 
uniformly generated on the surface of the buffer layer, which is uniformly formed on the surface of the substrate, by 
raising the temperature for growing the oxide semiconductor layer. Further, since the oxide semiconductor layer is 
grown thereon, the crystal starts to grow with the help of the crystal nucleus serving as a seed and, since the buffer 
layer and the grown semiconductor layer are the same kind of material, homoepitaxy is achieved, whereby the restraint 
of the substrate is alleviated, and a crystal layer with fewer crystal defects grows by freely selecting a substrate to 
some extent. In particular, in the case where the grown semiconductor layer is an oxide compound semiconductor 
such as ZnO, the growth in the a-axis direction is slow as previously described, and the crystals will not proceed and 
a grain boundary is liable to be generated at a site where the nucleus for initial crystal growth is absent. However, 
according to the present invention, the initial crystal nucleus is generated uniformly on the surface, so that a semicon- 
ductor layer having an extremely good crystallinily is produced. 

[0217] In the previously described example, the buffer layer 2 was grown to be non-crystalline or polycrystalline at 
a low temperature in a growth apparatus for growing a compound semiconductor layer. However, if a non-crystalline 
or polycrystalline buffer layer is formed by the film forming method using an apparatus such as sputtering, vacuum 
vapor deposition, or laser ablation different from the epitaxial growth, then the film quality will be extremely dense, and 
all the more it will not be restricted at all by the crystal structure of the substrate. In other words, since the buffer layer 
is dense, the property of the crystal structure of the substrate is shut off by the buffer layer. As a result, the material 
can be freely selected as long as it is a material capable of withstanding the growth temperature of the semiconductor 
layer to be grown thereafter. In this case, oxygen (O) deletion is liable to be generated in the method using vacuum 
vapor deposition, so that sputter laser ablation allowing oxygen (0) to be contained in the atmosphere is preferable. 
With reference to Fig. 4, an example will be explained in which the buffer layer 2 is formed by this method, and a 
semiconductor laser having a structure with an electric current constriction layer (the same as the structure of Fig. 4) 



21 



EP1 115 163 A1 



is produced. 

[0218] In order to produce an LD chip having an SAS structure shown in Fig. 4, a substrate 1 made, for example, of 
GaP is first put into an ECR (electron cyclotron resonance) sputter apparatus and a ZnO film is grown to a thickness 
of about 20 to 200 nm in an atmosphere of (Ar + 0 2 ) plasma by using ZnO or Zn as a target. Thereafter the substrate 

5 1 is put into an MBE apparatus and ; with the temperature raised to about 650°C under an oxygen radiation condition 
subsequent semiconductor layers are successively grown by sputtering the constituent elements of the layers., for 
example, Zn, Mg, Cd ; and others from cells, in the same manner as in the previously described examples. Thereafter, 
the same processes as in the previously described examples will complete an LDchip having a structure shown in Fig. 4. 
[0219] According to this method, the film of buffer layer can be formed by sputtering or the like, so that an extremely 

10 dense film can be formed unlike the ordinary MOCVD method of the like. Moreover, since it is formed in a non-crystalline 
or polycrystalline state, the film can be formed without generation of deletion or the like over the entire surface. As a 
result, the initial crystal nucleus is generated uniformly on the surface by the high temperature of growing the oxide 
compound semiconductor layers and, with the crystal nucleus serving as a seed, a good crystal layer is obtained. 
Therefore, on the basis of the denseness of the buffer layer, the semiconductor layers can be grown without being 

15 affected by the crystal structure of the substrate, and oxide semiconductor layers having an extremely good crystal 
structure can be grown while, as in the previously described examples, using an easily cleavable material or a material 
that can be easily handled with, such as a GaP substrate, a GaAs substrate, or a Si substrate, without being restrained 
by the material of the substrate. As a result, ZnO-based compound semiconductor layers having an extremely excellent 
crystallinity can be grown to produce an LED or LD having excellent light-emission characteristics with a cleavage 

20 property. 

[0220] According to the invention of forming a buffer layer containing Zn at a low temperature, oxide compound 
semiconductor layers can be grown to have an extremely good crystallinity without being affected by the crystal structure 
of the substrate so much. Therefore, an inexpensive blue semiconductor light emitting device having extremely high 
characteristics can be produced even without the use of an expensive sapphire substrate that cannot be easily handled 

25 with or the like in manufacturing a blue LED or LD. 

[0221] Furthermore, selection of a substrate having an excellent cleavage property produces a large effect particu- 
larly on an LD or the like, and also the production process is simplified to realize production with low costs. 
[0222] The inventors of the present invention have repeatedly made eager studies in order to provide better crystal- 
linity of the semiconductor laminate section made of compound semiconductorthat form a light emitting layer laminated 

30 on the substrate. Namely, besides the fact that the previously described ZnO-based compound grows slowly in the 
lateral direction , no substrate can be found which has a crystal structure coincident with semiconductor having a wurtzite 
structure such as a GaN-based compound semiconductor or a ZnO-based compound semiconductor so that they are 
formed by growing semiconductor layers on a substrate having a different lattice constant, such as a sapphire substrate. 
However, the degree of lattice mismatch between ZnO and sapphire is 18.3%. For this reason, cracks caused by the 

35 lattice mismatch or the like are liable to enter the semiconductor grown layers, so that decrease in the light-emission 
efficiency or rise in the threshold voltage caused by problems in the crystal structure are liable to take place. Therefore, 
it is desired to grow good semiconductor layers without generating lattice defects in the semiconductor layers which 
are liable to cause lattice mismatch with a substrate. 

[0223] The inventors of the present invention have repeatedly made eager studies in order to grow ZnO-based com- 

40 pound semiconductor or GaN-based compound semiconductor with good crystallinity, and found out that the cause of 
cracks in the crystals of the semiconductor layers lies in the fact that cracks enter the portion of the crystal grain 
boundary in lowing a temperature after the epitaxial growth of the semiconductor layers at a high temperature, and the 
presence of the cracks further promotes the cracks to proceed. As a result of further repeated eager studies, the 
inventors have found out that the generation of cracks in lowering the temperature is caused by the difference in the 

^5 contraction speed at the time of lowering the temperature on the basis of the difference in the thermal expansion 
coefficient between the substrate and the compound semiconductor layers to be laminated. Also, they have found out 
that crystal defects such as cracks can be greatly reduced by interposing, as a buffer layer, a material having an 
intermediate thermal expansion coefficient between the substrate and the semiconductor layers to be grown. 
[0224] This example also has the same structure as the one shown in Fig. 1 , and a semiconductor laminate section 

50 1 2 including a light emitting layer forming portion 1 1 made of compound semiconductor and having an n-type layer (n- 
type cladding layer 4) and a p-type layer (p-type cladding layer 6) to form a light emitting layer (active layer 5) is disposed 
on a substrate 1 . Further, a buffer layer 2 made of a material having a thermal expansion coefficient larger than the 
thermal expansion coefficient of the lowermost epitaxial growth layer (n-type contact layer 3) in the semiconductor 
laminate section 12 and smaller than the thermal expansion coefficient of the substrate 1 is disposed between the 

55 substrate 1 and the semiconductor laminate section 12. Here, the structure that forms the light emitting layer is not 
limited to the structure in which the active layer is sandwiched between the n-type and p-type cladding layers, but 
includes other structures such as a pn-junction. 

[0225] The example shown in Fig. 1 is an example of a blue LED chip in which ZnO-based compound semiconductor 
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is laminated on a sapphire substrate 1 . The substrate is not limited to a sapphire substrate alone, and may be GaAs 
(thermal expansion coefficient; 6.63 x 10~ 6 /K) or the like. However if GaAs is used as the substrate, the buffer layer 
will be made of AIGaN to AIN having a smaller thermal expansion coefficient than GaAs -because the thermal expansion 
coefficient lies between GaN (thermal expansion coefficient; 7.7 x 10" 5 /K) and AIN (thermal expansion coefficient: 5.3 

5 x 10- 6 /K). Further GaAs will have a cubic crystal structure. 

[0226] The film of the buffer layer 2 is formed, for example, of GaN to a thickness of about 0.1 jim. The buffer layer 
2 is formed as an amorphous layer or a polycrystalline layer for example, at a low temperature of about 600°C. The 
inventors of the present invention have found outthat ; by using a material which has an intermediate thermal expansion 
coefficient lying between the thermal expansion coefficients of the substrate 1 and the first epitaxial growth layer to be 

10 successively grown and which has the same crystal structure as the first epitaxial growth layer, the semiconductor 
laminate section grown thereon will have a good crystal structure without cracks or the like. In other words, since the 
thermal expansion coefficient (in the a-axis direction, the same applies hereinafter) of sapphire is 7.5 x 1 0' 6 /K and the 
first epitaxial growth layer 3 is ZnO with its thermal expansion coefficient of 2.9 x 1 0 _6 /K in the example shown in Fig. 
1 , the thermal expansion coefficient 5.59 x 1 0 _6 /K of GaN is an intermediate value between these two and also, since 
GaN has a wurtzite structure in the same manner as ZnO, the above-described conditions are satisfied. AIN likewise 
has a wurtzite structure and has the thermal expansion coefficient of 5.3 x 10 _6 /K, so that the conditions are likewise 
satisfied. Therefore, it goes without saying that the buffer layer 2 may be made of Al p Ga.,_ p N (0<p<1), a mixed crystal 
of GaN and AIN. The buffer layer 2 may be non-doped or of another conductivity as long as the substrate 1 is an 
insulating substrate such as sapphire. Besides this, the buffer layer 2 may be made of SiC (thermal expansion coeffi- 

20 cient; 4.9 x 1 0" 6 /K) or the like. 

[0227] The other constituents such as the light emitting layer forming portion 11 and the electrodes can be selected 
from a variety of constituents in the previously described examples. Further, although this example is an LED, an LD 
can likewise be made into each of the previously described construction examples. Here, in this example also, if an n- 
typc semiconductor layer was to be formed, it was formed by doping through sputtering Al, whereas if a p-typc semi- 

25 conductor layer was to be formed, it was formed by simultaneous doping with a later-mentioned plasma-excited N 2 
and Al serving as a buffering agent. 

[0228] In order to form this buffer layer 2, a sapphire substrate 1 is set, for example, in an MOCVD (metal organic 
chemical vapor deposition) apparatus, and the front surface is thermally treated at about 1 050°C for about 20 minutes 
in an H 2 atmosphere. Subsequently with the substrate temperature raised to about 600°C, a GaN layer is grown to a 

30 thickness of about 0.1 u,m by the MOCVD method to form a film of the buffer layer 2. Thereafter, the substrate 1 is 
taken out and put into an MBE (molecular beam epitaxy) apparatus and. with the temperature of the substrate 1 raised 
to about 600°C and under an oxygen radiation condition, semiconductor layers constituting the semiconductor laminate 
section 12 are successively grown each with the aforesaid composition in the same manner as previously described, 
while sputtering the constituent elements of the semiconductor layers to be grown, for example, Zn, Mg, Cd, and others, 

35 from cells. The subsequent steps are also the same as in the previously described examples. 

[0229] According to the invention of disposing a buffer layer having an intermediate thermal expansion coefficient, 
even if the wafer is cooled for taking it out after epitaxial growth of the semiconductor layers, the contraction caused 
by the temperature fall does not change to an extreme extent between the substrate and the laminated semiconductor 
layers, but the buffer layer with an intermediate contraction degree absorbs the rapid change between the two, since 

to a layer having an intermediate thermal expansion coefficient between the thermal expansion coefficients of sapphire 
and znO, which is the first epitaxial growth layer of the semiconductor laminate section, is disposed on a sapphire 
substrate. As a result, cracks do not easily enter among crystals due to the temperature change in cooling. Once cracks 
enter, the cracks grow further due to the presence of the cracks. However, since there is no generation of cracks that 
causes it, an extremely good crystal structure is produced. As a result, a ZnO-based compound semiconductor layer 

45 having an extremely excellent crystallinity can be grown to produce an LED or LD having excellent light-emission 
characteristics. 

[0230] Here, the previously described example is an example in which a semiconductor laminate section made of 
ZnO-based compound semiconductor is formed on a sapphire substrate. However, with another source material sys- 
tem, semiconductor layers having an excellent crystallinity can likewise be grown to produce a semiconductor light 
50 emitting device having excellent light-emission characteristics, by epitaxially growing the semiconductor laminate sec- 
tion after forming a film of the buffer layer made of a material having an intermediate thermal expansion coefficient 
between the thermal expansion coefficient of the substrate and the thermal expansion coefficient of the first epitaxial 
layer in the semiconductor laminate section. 

[0231 ] According to this example, a compound semiconductor layer, in which crystal defects accompanying the lattice 
55 mismatch of a ZnO-based compound semiconductor layer orthe like used in a blue semiconductor light emitting device 
are liable to be generated, can be produced as a semiconductor crystal layer with few crystal defects, thereby leading 
to an improvement of light-emission efficiency and an improvement of the light-emission characteristics such as re- 
duction in the threshold voltage of a currently desired semiconductor light emitting device such as a blue LED or LD. 
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[0232] The example shown in Fig. 14 is an example of obtaining a semiconductor light emitting device capable of 
being used also as a buffer layer and having a structure such that light can be effectively taken out to the outside even 
if the substrate is made of a light-absorbing material. In other words, the light emitted .from the light emitting layer is 
radiated almost uniformly to all directions from left to right and from upwards to downwards, but a light emitting device 
5 is formed typically by bonding a LED chip to the tip end of a lead wire or onto the substrate so that the light radiated 
only in one direction on the front surface side of the LED chip will be utilized. 

[0233] Further in a red LED chip or the like in which GaAs is used as a substrate, most of the light radiated to the 
substrate side is absorbed and the light can be taken out only in an amount of about half of the light emitted to the 
front surface side, since GaAs of the substrate is a material that absorbs emitted red light. Further, in a blue LED chip 

10 using a transparent material such as a sapphire substrate as the substrate and using a GaN-based compound semi- 
conductor, the light radiated to the rear surface side cannot be sufficiently utilized because it is absorbed by a bonding 
agent or the like used in bonding the rear surface of the substrate or irregularly reflected although the light is not 
absorbed by the substrate. For this reason, a structure in which a reflective film is disposed on the rear surface side 
of a sapphire substrate or the like is disclosed, for example, in Japanese Laid-open Patent Publication No. 

15 02-39578/1990. 

[0234] Thus, for example, in a LED in which the light is taken out only in one direction on the front surface side of 
the LED chip, the light proceeding to the substrate side of the LED chip cannot be fully utilized, and the external 
differential quantum efficiency cannot be improved. Further, even with a structure in which a reflective film is disposed 
on the rear surface or a transparent subslrale such as a sapphire substrate as described before, the light radiated from 

20 sides of the substrate cannot be effectively utilized because of the thickness of the substrate. 

[0235] Further, an LD has a structure such that light is enclosed within an active layer for oscillation by sandwiching 
the active layer with materials having a smaller refractive index than the active layer. However, if the enclosing effect 
is not sufficient, the light cannot be enclosed completely, and the oscillation efficiency decreases. The example shown 
in Fig. 4 is directed to a structure in which such a waste of light is reduced, and the emitted light can be taken out to 

25 the outside as effectively as possible, thus improving the external differential quantum efficiency. 

[0236] In other words, the inventors of the present invention have made repeated eager studies to grow an oxide 
compound semiconductor such as a ZnO-based one with good crystal I inity, and have found out that, by forming a film 
of a ZnO-based oxide in a non-crystalline or polycrystalline state at a low temperature of about 1 00 to 300°C and then 
raising the substrate temperature to the epitaxial growth temperature, a crystal nucleus is generated uniformly on the 

30 surface of the ZnO-based oxide film and, with the crystal nucleus serving as a seed, a ZnO-based oxide compound 
semiconductor layer having an excellent crystailinity can be grown irrespective of the crystal structure of the substrate. 
Based on this knowledge, the inventors have found out that, by forming a film of a low temperature ZnO-based oxide 
buffer layer after a dielectric film is formed to form a reflective film before forming the buffer layer of ZnO-based oxide, 
it is possible to produce a semiconductor light emitting device having a reflective film on the substrate side of a sem- 

35 iconductor laminate section that forms a light emitting layer with improved efficiency of taking out the light to the outside. 
[0237] In Fig. 14, it has a substrate 1 , a reflective film 13 formed to reflect light coming from the front surface side 
of the substrate 1 by lamination of an even number of dielectric films 13a, 13b or semiconductor films having different 
refractive indices to a thickness of X/(4n) (n is a refractive index of the dielectric film or the semiconductor film, and X 
is the wavelength of emitted light) on the substrate 1 so that a layer having a smaller refractive index and a layer having 

40 a larger refractive index are alternately laminated in this order on the substrate 1 (a pair is formed by the layer having 
a smaller refractive index and the layer having a larger refractive index), and a semiconductor laminate section 12 
having semiconductor layers 3 to 7 laminated to form a light emitting layer (active layer 5) on the reflective film 13. 
[0238] In the example shown in Fig. 14, the substrate 1 is a silicon substrate. However, it is not limited to Si aione, 
and may be one of a variety of substrates such as GaAs, GaR and sapphire. 

[0239] The reflective film 1 3 is formed in a laminate structure of dielectric films or semiconductor films having different 
refractive indices so that the film having a smaller refractive index is positioned on the lower side. In the example shown 
in Fig. 14, five pairs are laminated by alternate lamination of a Si0 2 film 13a having a smaller refractive index and a 
Ti0 2 film 13b having a larger refractive index, for example, by the magnetron sputtering method. Each layer is formed 
to have a thickness of A/(4n), where X is the wavelength of emitted light, and n is the refractive index of the dielectric 

50 layer or the semiconductor film. Namely, in the case of emitting light having a wavelength of 450 nm, the Si0 2 film 13a 
is formed to have a thickness of 0.28 u.m because the refractive index thereof is 1 .4, and the Ti0 2 film 13b is formed 
to have a thickness of 0.04 u.m because the refractive index thereof is 2.6. By this laminate structure, a reflectivity of 
about 75% is obtained, for example, even with one pair, and a fully satisfactory reflectivity is obtained depending on 
the object. The more the number of laminated pairs is, the higher the reflectivity will be, so that the reflective layer can 

55 be formed to have a desired reflectivity by adjusting the number of laminated layers or changing the dielectric films in 
accordance with the object. In the aforesaid example, a reflectivity of 85 to 95% has been obtained. Here, as other 
examples of the dielectric film or the semiconductor film, Al 2 0 3) Si 3 N 4) AIN, or the like can be used as a film having a 
smaller dielectric constant, and a(amorphous)-Si or the like can be used as a layer having a larger dielectric constant. 
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[0240] As a method for forming the reflective film., in the case of using a magnetron sputtering method as in the 
aforesaid examples, the reflective film 13 can be formed by successively laminating five pairs of Si0 2 film 13a and 
Ti0 2 film 13b in a (Ar + 0 2 ) plasma atmosphere using Si0 2 and Ti0 2 as targets or using Si and Ti as targets. Subse- 
quently ; the buffer layer 2 can be formed by forming a ZnO film to a thickness of about 20 to 200 nm in a (Ar + 0 2 ) 
5 plasma atmosphere using ZnO or Zn as targets in the same apparatus. However, the method to be used is not limited 
to this example, and may be the ECR sputtering method : the vapor deposition method : the laser ablation method, or 
the like. 

[0241] As described before, the buffer layer 2 is made : for example, of an oxide containing Zn, such as ZnO. The 
buffer layer 2 is preferably an oxide semiconductor layer having the same composition as the first epitaxially grown 

10 semiconductor layer of the semiconductor laminate section grown thereon, because then a homojunction will be formed 
to provide good lattice matching. The film of the buffer layer 2 is formed to have a non-crystalline or polycrystalline 
structure at a low temperature. This allows a crystal nucleus to be generated on the front surface when the temperature 
is raised later to the growth temperature as described before and, with the crystal nucleus serving as a seed : semi- 
conductor layers grow. The subsequent growth of the semiconductor laminate section 1 2, the electrodes, and the like 

15 can be formed in various structures in the same manner as in the previously described examples. The same parts in 
the aforesaid examples will be denoted with the same reference numerals, and their explanation will be omitted. Here, 
if an n-type semiconductor layer was to be formed, it was doped by sputtering Al, whereas if a p-type semiconductor 
layer was to be formed, it was formed by simultaneous doping with a later-mentioned piasma-excited N 2 and Al as a 
buffering agent. 

20 [0242] An LED having a structure in which the reflective film 13 was disposed and a LED having a conventional 
structure in which the reflective film was not disposed were formed within the same wafer, and the brightnesses of the 
two were compared and examined in two kinds of lots. As shown in Table 1 , the result showed a great improvement. 
Further, on examining the change in external differential quantum efficiency, it was 2.8% in the conventional structure, 
whereas it was 4.6% in the present invention, thereby showing an improvement. 

25 
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[0243] According to this example, a reflective film is disposed by a laminate structure of dielectric films on a substrate. 

35 Therefore, among the light emitted from the light emitting layer of the LED chip and radiated to all directions, the light 
proceeding to the substrate side of the chip on the side opposite to the light-outlet surface, which surface is located 
on the front surface side of the LED chip, is also reflected by the reflective film to be taken out from the outlet surface 
side. As a result, even with the same light-emission efficiency, the external differential quantum efficiency, which is the 
ratio of light taken out to one front surface side as a needed light, is greatly improved to produce a LED having a large 

40 brightness. On the other hand, even if a crystal substrate is used as the substrate, it is not possible Lo grow crystals 
of semiconductor layers that are lattice-matched with the crystal of the substrate, since a dielectric film serving as a 
reflective film is formed on the substrate. However, since a low temperature buffer layer made of a ZnO-based oxide 
compound is formed, a crystal nucleus is generated uniformly on the surface thereof by raising the temperature to the 
temperature for crystal growth and, with the crystal nucleus serving as a seed, ZnO-based oxide compound semicon- 

45 ductor layers grow epitaxially, so that the semiconductor layers forming a light emitting layer can be grown without 
being restrained by the crystal structure of the substrate so much. 

[0244] This example was an example in which a ZnO-based compound semiconductor layer is grown on a buffer 
layer. However, it is not limited to a ZnO-based compound semiconductor layer alone, so that another semiconductor 
layer can be grown on the buffer layer made of a ZnO-based compound as long as it is a compound semiconductor 
50 layer having a crystal structure that matches with the crystal structure of the ZnO-based compound of the buffer layer. 
[0245] Further, even if the element is an LD instead of a LED, it can be formed to have a structure of each of the 
aforesaid examples. 

[0246] The aforesaid reflective film 13 was formed in an LD chip having a structure shown in Fig. 2 for production. 
On examining the relationship between the electric current and the output of an LD having a structure in which this 
55 reflective film is disposed and an LD having a conventional structure produced under the same condition but without 
a reflective film, it has been found out that the threshold current is improved from 72 mA to 67 mA and the oscillation 
efficiency t\ is improved from 21% to 28%, as indicated by the curve C showing characteristics thereof and the curve 
D of the conventional structure in Fig. 1 5. 
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[0247] By adopting this structure, since the reflective film 1 3 has a high reflectivity to the light-emission wavelength 
emitted by the active layer 5, the light exuding from the active layer 5 is reflected by the reflective film and returns into 
the active layer 5 again. In other words, the light does not exude from the active layer easily ; thereby improving the 
efficiency of enclosing the light. As a result, reduction of the threshold voltage and improvement in the quantum effi- 

5 ciency can be achieved to produce an LD having an extremely high output with an extremely low electric power. 

[0248] According to this example, since the reflective film is disposed on the substrate side in the immediate vicinity 
of the light emitting layer the emitted light that proceeds to the substrate side can be effectively utilized without being 
wasted, thereby greatly improving the differential quantum efficiency of the LED and manufacturing a light emitting 
device having an extremely large brightness with the same input. Further even in the LD, the leaking light is shut off, 

10 so that the threshold voltage can be greatly reduced and its oscillation efficiency can be improved to produce a sem- 
iconductor light emitting device having an extremely high efficiency. 

[0249] Figs. 16 to 20 are views for explaining still another embodiment, in which the ohmic contact between the n- 
type layer of a ZnO-based compound semiconductor layer and the n-side electrode is improved to reduce the operation 
voltage. Namely, since ZnO has approximately the same band gap energy as GaN , it is considered that it can be formed 
15 of an electrode material similar to GaN even with the use of a ZnO-based compound semiconductor. Further in an n- 
type GaN compound semiconductor an Al-Tt alloy is considered to give a good ohmic contact, so that a laminate of 
Al/Ti or Al/Ti/Ni or an alloy thereof Is used. 

[0250] However, when an n-side electrode was'formed by lamination of Al/Ti/Ni on n-type ZnO for measurement of 
the currenl-vollage characteristics, a linear relationship was not obtained, as shown in Fig. 20(a). The characteristic 

20 figure of the one in which an annealing treatment was performed at about 450°C for about 10 minutes in this lamination 
state shows some improvement as shown in Fig. 20(b), but it was not a completely linear curve. Here, in Fig. 20, the 
lateral axis represents the voltage with one unit being 2V, and the vertical axis represents the electric current with one 
unit being 10 mA. Thus, with the use of a ZnO-based compound semiconductor it is not possible to obtain a complete 
ohmic contact even if an attempt is made to use a similar material as the electrode material in analogy with a GaN- 

25 based compound semiconductor having approximately the same band gap energy. 

[0251] In order to obtain a semiconductor light emitting device having an ohmic contact with n-type ZnO-based com- 
pound semiconductor and operating at a low operation voltage, the inventors of the present invention have repeatedly 
made eager studies and have found out that, by disposing Ti or Cr as the first layer to be in contact with the n-type 
ZnO-based compound semiconductor so as to avoid contact between the ZnO-based compound semiconductor and 

30 Al, an ohmic contact between the n-side electrode and the n-type ZnO-based compound semiconductor is obtained 
to produce a semiconductor light emitting device that emits light of high output at a low operation voltage. 
[0252] As illustrated in Fig. 16 showing across-sectional explanatory view of an LEDchip, in a ZnO-basedcompound 
semiconductor light emitting device according to this example, a light emitting layer forming portion 11 that forms a 
light emitting layer by lamination of ZnO-based compound semiconductor including at least n-type layers 4, 3 is dis- 

35 posed on a substrate 1 . An n-side electrode 9 disposed to be in contact with the n-type layer 3 of the ZnO-based 
compound semiconductor is characterized in that the portion which is in contact with the n-type layer 3 is formed of 
the first layer 9a made of Ti or Cr that does not contain Al. 

[0253] The n-side electrode 9 is formed by vacuum vapor deposition and patterning or the lift-off method or the like 
on the n-type contact layer 3 which is exposed by removing a portion of the laminated semiconductor layers 3 to 7 by 

40 etching. In this example, the n-side electrode 9 is constructed with the first layer 9a and the second layer 9b, where 
the first layer 9a is made of a layer for example, of Ti that does not contain Al as described above, to a thickness of 
about 0.05 urn, and the second layer 9b made of Ti^l,. (0<r<0.99) is successively disposed thereon. 
[0254] The first layer 9a of the n-side electrode 9 is disposed so that Al in the second layer 9b will not be diffused 
into the n-type layer 3 made of ZnO by an annealing treatment performed after forming the second layer 9b. Although 

45 it depends on the temperature and the time of the annealing treatment, diffusion of A! can be prevented against a 
general annealing treatment at about 450°C for about 1 0 minutes if the first layer 9a is disposed to have a thickness 
as described above. The Ti film can be formed by vacuum vapor deposition or the sputtering method or the like such 
as radiation with an electron beam gun. Even if the first layer 9a is too thick, it does not raise a problem. However, 
since it is far more expensive than Al, too much thickness is not preferable in view of the costs. The inventors have 

50 found out that, if Al is contained in the first layer 9a, it is diffused into the ZnO-based compound semiconductor layer 
as previously described, to give extremely reduced ohmic characteristics. It has been found out that, when a Ti layer 
or a later-mentioned Cr layer that does not contain Al is formed on the ZnO-based compound semiconductor layer 
the diffusion of Al can be prevented to give a good ohmic contact. 

[0255] Generally, the second layer 9b of the n-side electrode 9 is made of Al in view of its facility in connection and 
55 costs for facilitating wire-bonding for connection with an external lead wire or soldering with the lead wire. However 
on examination., the inventors have found out that the contact resistance between the first layer 9a and the second 
layer 9b rises if the second layer 9b is made of Al alone, and that a good ohmic contact is obtained if the second layer 
9b is made of Ti Vr Al r containing Ti at 1% or more. Even if the ratio of contained Ti is too much, it does not raise any 
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problem in characteristics; however, it raises the costs, so that the ratio is preferably from 1%to 10%. In order to obtain 
this Ti 1 . r Al n the film is formed as an alloy by simultaneously radiating Ti and Al (controlling the radiated amount in 
accordance with the mixing ratio) with a vapor deposition apparatus such as an electron beam gun. Even in this state, 
the ohmic contact characteristics are improved. However, a complete alloy is not obtained simply by simultaneous 
radiation of Al and Ti. Therefore, an annealing treatment was carried out at about 400 to 1 200°C ; preferably at about 
400 to 800°C ; more preferably at about 450°C. for 10 minutes to obtain an extremely good ohmic contact. If the an- 
nealing temperature exceeds 1 200°C : ZnO itself begins to be thermally decomposed, so that it is not preferable, where- 
as if the annealing temperature is lower than 400°C, the effect of the annealing does not appear. The voltage-current 
characteristics of the n-side electrode in the LD illustrated in Fig. 1 6 are shown in Fig. 1 7 with the lateral axis representing 
the voltage (v) and the vertical axis representing the electric current (mA). As will be apparent from Fig. 1 7, the obtained 
voltage-current characteristics showed a complete linear relationship. 

[0256] The light emitting layer forming portion 1 1 : the substrate 1 , the p-side electrode 1 0 S and others are the same 
as in the example shown in Fig. 1 , and these structures can be those of the previously described examples including 
an LD structure. The same parts will be denoted with the same reference numerals, and their explanation will be 
omitted. Also, the production method is the same as in the previously described examples. Here, if an n-type semi- 
conductor layer was to be formed, it was doped by sputtering Al, whereas if a p-type semiconductor layer was to be 
formed, it was formed by simultaneous doping with a later-mentioned plasma-excited N 2 and Al as a buffering agent. 
[0257] In this example, the second layer 9b of the n-side electrode 9 was formed with an alloy of Ti-AI; however, it 
is sufficient if the second layer 9b conforms lo Ti or Cr in the first layer, so thai Ihe second layer 9b can be formed of 
a laminate structure of Ti/Au or of another material. However in view of costs, the aforesaid alloy having an Al content 
of about 99% is the most inexpensive one and advantageously has a good electric contact. 

[0258] The example shown in Fig. 1 8 is an example of an LED having a MIS structure. In this example, the first layer 
9a of the n-side electrode 9 that is in contact with the n-type contact layer 3 made of n-type ZnO is made of Cr. Namely, 
a film of Cr is formed to a thickness of about 0.05 u.m by vacuum vapor deposition in the same manner as described 
before, on the surface of the n-type contact layer 3 which is exposed by removing a portion of the laminated semicon- 
ductor laminate section by etching. Further the second layer 9b made of Ti-,. r Al r is formed to a thickness of about 0.1 5 
u.m thereon. Here, in this example, the ratio r of Ti in the second layer 9b was set to be 5% (0.05). 
[0259] The light emitting layer forming portion 1 1 is constructed with an n-type layer 3 made of an n-type ZnObased 
compound semiconductor, an i-layer 25 made of a semiinsulating ZnO-based compound semiconductor and an ITO 
film 8 constituting an electrically conductive layer. The i-side electrode 1 0 disposed thereon is the same as the aforesaid 
p-side electrode and is formed by vacuum vapor deposition of Ni/Au using the lift-off method. 

[0260] The voltage-current characteristics of the n-side electrode 9 having this structure are shown in Fig. 19. Even 
with this structure, the relationship between the voltage and the electric current is linear as in the previously described 
examples, thereby providing a complete ohmic contact. 

[0261] According to this example, by disposing the first layer of Ti or Cr and then disposing the second layer of Ti- 
Au alloy without allowing Al to be contained in the material of the electrode disposed on the n-type layer of the ZnO- 
based compound semiconductor the ohmic contact characteristics are greatly improved, and the series resistance 
decreases, so that the element can be operated at a low operation voltage. 

[0262] By constructing the n-side electrode in this manner, an n-side electrode is obtained which has an excellent 
ohmic contact characteristics with an n-type ZnO-based compound semiconductor layer used particularly in a blue 
semiconductor light emitting device, so that a semiconductor light emitting device that can be driven at a low voltage 
can be obtained even by using a ZnO-based compound semiconductor As a result, the light-emission characteristics 
such as the light-emission efficiency of a currently desired semiconductor light emitting device such as a blue LED or 
LD can be improved with the use of a new material. 

[0263] Figs. 21 to 24 are explanatory views showing an example of growing a p-type layer so that the carrier con- 
centration of the p-type layer in a ZnO-based compound semiconductor will be high. Namely, for making a ZnO-based 
compound semiconductor into p-type, studies are made by using nitrogen as a dopant in the same manner as a GaN- 
based compound; however it is not possible to obtain a p-type layer having a small resistance, so that a semiconductor 
light emitting device that can be driven at a low voltage has not been obtained. In other words, in the case of doping 
ZnO with nitrogen, it is assumed to replace O (oxygen) to become an acceptor Actually, however even if ZnO is doped 
with nitrogen at a high concentration of 1 0 19 enr 3 , it becomes insulating and does not turn into a p-type. This is assumed 
to be due to the following reasons. 

[0264] Referring to Fig. 23(a) showing an explanatory view of a crystal structure of a ZnSe compound semiconductor 
the ionization degree of Zn (black circle) and Se (white circle) are small, so that the bonding electrons of Zn and Se 
have a large probability of existence at a central portion of the bonding. Therefore, Se is stabilized not at a position 
right above Zn but in a twisted form, so that the crystal system will be cubic. However, since the ionization degree of 
ZnO is large, it will be near to Zn + and 0\ whereby a Coulomb force acts between the two. Therefore, as illustrated in 
Fig. 23(b), O (white circle) is stabilized right above Zn (black circle) by action of the Coulomb force, so that the crystal 
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system will be hexagonal (See : for example, Leading Device Material Handbook (edited by Electronic Data Commu- 
nication Society, published by Ohm Co., Ltd., 1993), chapter 2, Fundamentals of Device Materials, pp. 29-30). Because 
of such a crystal structure, if a p-type dopant enters the position of a black circle, the dopant can easily enter if the 
compound semiconductor has a structure shown in Fig. 23(a), because the interatomic distance between the dopants 

5 is large due to the twisted relationship, whereas if the compound semiconductor has a structure shown in Fig. 23(b), 
the holes are localized at the position of N and do not spread over the entire crystal because the interatomic distance 
is small and the Coulomb attraction force is strong. Therefore, even if a p-type dopant is introduced, it does not function 
as a dopant. This seems to be the reason. Such a mechanism occurs in a ZnO-based compound semiconductor 
constituting a strongly ionic crystal, even if the dopant is not N. 

10 [0265] Fig. 24 shows the result of examination of a carrier concentration when ZnO was doped with increased partial 
pressure of nitrogen in a plasma-excited nitrogen by increasing a nitrogen flux while actually growing ZnO in an MBE 
apparatus. Referring to Fig. 24, according as the partial pressure of nitrogen increases, the n-type carrier concentration 
decreases and ZnO becomes insulated, so that the measurement of holes was impossible. Here, on examining the 
grown semiconductor layer by SIMS (secondary ion mass spectroscopy) measurement, it has been confirmed that N 

15 has entered the semiconductor layer at an amount corresponding to the partial pressure. 

[0266] As described above, unlike ZnSe, it is extremely difficult to make a ZnO-based compound semiconductor into 
p-type due to the interatomic attraction force based on its crystal structure, though ZnO is a Group li-VI compound 
semiconductor common to ZnSe. Therefore, even if a dopant is introduced, it does not function as a carrier, so that 
the ZnO-based compound semiconductor cannol be made into a p-lype layer. For this reason, il is difficult to obtain a 

20 semiconductor light emitting device using a ZnO-based compound semiconductor, which can be handled with more 
easily than GaN or the like. 

[0267] Referring to Fig. 21 showing a schematic view of an MBE apparatus according to an example of a crystal 
growth apparatus used for a growth method of the present invention, the method of growing a p-type ZnO-based 
compound semiconductor according to this example is characterized in that ZnO is epitaxially grown by radiating ni- 

25 trogen, a Group VB element, as a p-type dopant from a plasma source 44 of excited nitrogen while radiating Al, a 
Group NIB element, as a buffering agent from a source 42 of Al in epitaxially growing ZnO by radiating, for example, 
a source 41 of Zn and a plasma source 43 of excited oxygen towards a substrate 38 made of sapphire or the like. 
[0268] In the apparatus shown in Fig. 21 , the main chamber 31 is a chamber of an ordinary MBE apparatus, and is 
a tubular container capable of holding a super high vacuum, and it is connected to a gas-exhausting apparatus (not 

30 illustrated). A substrate holder 34 capable of holding a substrate 38 for growing a semiconductor layer is disposed in 
the inside thereof, and is adapted to heat the substrate 38 by means of a heater 35. Further, cell groups 41 to 44 
including materials (sources) of the elements constituting the compound semiconductor to be grown and plasma sourc- 
es as supplying sources of gases such as oxygen are disposed to oppose the substrate 38 held by the substrate holder 
34. The main chamber 31 includes a load-locking chamber 36 for letting the substrate 38 in and out and a reserve 

35 chamber 37. The sources 41 , 42 are made of crucibles similar to the conventional ones for supplying materials, and 
a heater (not illustrated) is disposed around the crucibles to allow evaporation of the sources of materials. Further, a 
shutter (not illustrated) is disposed and, by opening and closing the shutter, a desired material is supplied to the sub- 
strate 38 side. In the plasma sources 43, 44, an ECR (electron cyclotron resonance) that generated a plasma with a 
microwave is constructed so as to radiate the plasma-excited oxygen and nitrogen. 

40 [0269] In this apparatus, while holding the substrate 38 made of sapphire in the substrate holder 34, a ZnO layer 39 
(See Fig. 21(b)) is grown on the substrate 38 with the use of the source 41 of Zn and the plasma source 43 of excited 
oxygen. At this time, plasma-excited nitrogen is simultaneously radiated from the plasma-excited nitrogen source 44 
as a p-type dopant, and Al is radiated from the source 42 of Al as a buffering agent for shielding against the Coulomb 
attraction force between ZnO and O or the dopant N so that the p-type dopant can be easily substituted for oxygen of 

45 ZnO and that the holes can move freely without being localized around the dopant after the p-type dopant is substituted. 
This grown state is shown in Fig. 21(b). 

[0270] Fig. 22 shows a result of examination of the carrier concentration when the flux of nitrogen is changed. Here, 
in increasing the flux of nitrogen, the amount of evaporated Al was set to have a constant partial pressure of 5 x 1 0" 7 
Torr. As will be apparent from Fig. 22, by using this method, the ZnO layer turned into p-type when the partial pressure 
50 of nitrogen was 3 x 1 0" 6 Torn and a p-type having a carrier concentration around 1 017 cm" 3 was obtained at a partial 
pressure of 5 x 1 0" 5 Torr. 

[0271] The reason why the p-type ZnO is thus obtained seems to be as follows. Al acts to shield against the Coulomb 
attraction force between Zn and O to which the Coulomb attraction force acts on the basis of the hexagonal crystal 
structure, and N is substituted for O. whereby the holes are not localized at a position of the p-type dopant N due to 
55 the effect of shielding against the Coulomb potential. This allows the holes to overlap their wave functions with each 
other and to spread over the entire crystal. 

[0272] In the previously described example, N was used as the p-type dopant; however a Group VB element such 
as P, As, or Sb can be used in place of N. Further, Al was used as the buffering agent; however, a Group HIB element 
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such as B, Ga, ln : orT1 can also be used in place of Al to turn ZnO into p-type. 

[0273] Furthermore, the inventors of the present invention have grown ZnO using Na and K as p-type dopants and 
also introducing CI as a buffering agent, yielding p-type ZnO having a carrier concentration of 2 x 1 0 17 cnr 2 . Here ; the 
partial pressures of Na and K were each 3 x 1 0 -5 Torn and the partial pressure of CI was 4 x 1 0" 6 Torr. Besides this, a 
5 Group IA element such as Li or Rb can likewise be used as the p-type dopant and a Group VIIB element such as F } 
Br, or I can be used as the buffering agent in place of CI. If such a Group IA element is used as the p-type dopant, it 
can be supplied as a solid source : thereby advantageously eliminating the need for a plasma source such as in the 
case of N. 

[0274] The p-type layer of a blue (wavelength region from ultraviolet to yellow) LED chip using a ZnO-based com- 
10 pound semiconductor having a structure shown in Fig. 1 was formed by this method ! and the other parts were formed 
in the same manner as in the previously described examples, yielding a LED with a low driving voltage. It is not limited 
to LED alone, and an LD can likewise be produced in the same manner. This method can be applied to the p-type 
layer of each of the previously described structure examples. 

[0275] According to this p-type growth method, since the series resistance of a p-type semiconductor layer can be 
15 reduced, the driving voltage can be lowered and also a LED having a high light-emission efficiency can be obtained. 
Further, in the case of an LD also, the threshold voltage can be lowered, and a semiconductor light emitting device 
with improved light-emission characteristics can be produced. 

[0276] According to this example, a ZnO-based'compound semiconductor can be turned into p-type, so that a sem- 
iconductor light emitting device such as a blue LED or LD having a short wavelength can be produced with a material 

20 that can be easily handled with, for example, a material that can be chemically processed. 

[0277] Figs. 25 to 27 are explanatory views of another example in which a p-type layer is grown so that the carrier 
concentration of the p-type layer in a ZnO-based compound semiconductor will be high. Namely, as a gaseous-phase 
growth method of a semiconductor layer, the MOCVD method is used for production of a semiconductor light emitting 
device that requires mass production such as for CDs and DVDs and for communication due to the facts that the 

25 element can be grown to have a large area as compared with the MBE method and is excellent in uniformity, and the 
rise after maintenance is rapid. However, if one attempts to epitaxially grow a compound semiconductor such as de- 
scribed above by the MOCVD method, the p-type semiconductor layer cannot be grown to have a high carrier con- 
centration. If the carrier concentration cannot be made high, the series resistance will be large, raising problems such 
as rise in the driving voltage, decrease in the light-emission efficiency, and heat generation caused by resistance. 

30 Therefore, it is requested to raise the carrier concentration of a p-type layer in view of reliability as well. 

[0278] One of the reasons why the carrier concentration of a p-type layer cannot be raised with a GaN/AIGaN-based 
material, which is the aforesaid GaN-based compound semiconductor, is considered to be as follows. Namely, the 
hydrogen contained in a material gas seems to be combined with a p-type dopant to enter a semiconductor layer and 
the introduced material does not fully function as a dopant. For this reason, a production method is adopted in which, 

35 after the growth of a semiconductor layer, an annealing treatment is carried out to eliminate hydrogen combined with 
the dopant so as to maintain a function of the introduced material as a dopant. 

[0279] However, a Group ll-VI compound semiconductor such as a ZnSe/ZnMgSSe-based one or a ZnO-based one 
do not have a thermal stability such as in a GaN-based one, thereby raising a problem that, if an annealing treatment 
at 700°C or more required in hydrogen elimination is conducted, the crystal structure will be broken, and also it is not 
40 possible to eliminate hydrogen later. On the other hand, according to the MBE method, since the reactor chamber is 
in high vacuum, a p-type semiconductor layer can be obtained with little influence of hydrogen. However, as described 
before, the MBE method has a problem that it is not suited for mass production. 

[0280] The gaseous-phase growth method of a p-type compound semiconductor according to this example is char- 
acterized in that the p-type semiconductor layer is grown by alternately repeating a step of growing a thin film of the 

^5 semiconductor layer by introducing a reaction gas for growing a compound semiconductor layer into a growth apparatus 
as shown in Figs. 25(a) and (c), and a step of doping the semiconductor layer by introducing a dopant gas as shown 
in Figs. 25(b) and (d) in epitaxially growing the p-type compound semiconductor layer by the MOCVD ,method. As a 
specific example, explanation will be given on an example of growing p-type ZnSe on a GaAs substrate. 
[0281] First, a substrate 61 is set in an MOCVD apparatus, and the temperature within the apparatus is raised while 

50 allowing a carrier gas H 2 to flow at a flow rate of about 1 500 to 2500 ml/min. Subsequently, when the substrate tem- 
perature has reached about 300 to 500°C. a buffer layer of GaAs is grown. Thereafter, the temperature is lowered to 
250 to 450°C, and the first crystal layer 62a of ZnSe is grown by introducing dimethylzinc (DMZn) at a flow rate of 2 
to 10 }imol/min as a reaction gas of Group II element Zn and introducing di-tertiary-butylselenium (DTBSe) at a flow 
rate of 30 to 120 umol/min as a reaction gas of a Group VI element each for about 4 seconds for reaction, as shown 

55 in the timetable of Fig. 26 (See Fig. 25(a)). The thickness of the first crystal layer 62a grown in 4 seconds is about 5 
to 20 nm. Thereafter as shown by B in Fig. 26, the reaction gases are stopped and, while allowing only the carrier gas 
H 2 to flow, the layer is left to stand for 5 seconds, thereby to purge the reaction gases. During this period, the carrier 
gas H 2 is kept flowing. 
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[0282] Then., as shown by C in Fig. 26 ; the first crystal layer 62a is doped with a dopant Sb by introducing tridimeth- 
ylarninoantimony Sb[N(CH 3 ) 2 ] 3 as a p-type dopant at a flow rate of 5 to 100/ujriol/min and allowing it to flow for about 
3 seconds (See Fig. 25(b)). The carrier concentration by doping at this time is such that the carrier concentration 
increases according as the flow rate increases, as shown by the relationship between the flow rate and the carrier 

5 concentration in Fig. 27. As a result, the p-type carrier concentration can be adjusted by adjusting the flow rate of the 
dopant gas. During this period, the carrier gas is constantly kept flowing at the same flow rate. 
[0283] Then, the dopant gas is stopped and, after about five seconds have passed, the reaction gases DMZn and 
DTBSe are allowed to flow into the growth apparatus again at flow rates similar to the aforesaid ones, as shown by D 
in Fig. 26, to grow the second crystal layer 62b to a thickness of about 5 to 20 nm, as shown in Fig. 25(c). When the 

10 second crystal layer 62b is grown by allowing the reaction gases to flow for about 4 seconds, the reaction gases are 
stopped and, in the same manner as described before, the reaction gases are purged for about 5 seconds. Thereafter 
the dopant gas Sb[N(CH 3 ) 2 ] 3 is introduced for about 5 seconds to dope the second crystal layer 52b with a p-type 
dopant Sb in a similar manner, as shown in Fig. 25(d). 

[0284] By repeating the growth of the crystal layers and doping with the p-type dopant, the p-type ZnSe is grown to 

15 a desired thickness. As a result, the p-type semiconductor layer can be grown. 

[0285] According to this method, since the p-type dopant is not introduced simultaneously with the reaction gases, 
there are fewer free floating hydrogen atoms generated by decomposition of the reaction gases, and the atoms of the 
dopant are hardly combined with hydrogen atoms, so that the semiconductor layer is doped with the dopant atoms in 
their atomic slale. As a result, even if an annealing treatment for expelling the hydrogen atoms is not carried oul after 

20 the growth of the semiconductor layer, the elements introduced into the semiconductor layer by doping can fully function 
as a dopant. As a result, the electric conductivity increases to reduce the series resistance. 

[0286] The growth method of a p-type layer according to this example is characterized by doping the semiconductor 
in a state in which the dopant is not combined with hydrogen atoms. For this reason, in introducing the dopant gas, 
the dopant gas is introduced in a state in which the reaction gases arc absent by stopping the reaction gases, as 

25 described above. However, there are cases in which the reaction gases cannot be completely eliminated in a short 
period of time by simply stopping the reaction gases. In such a case, the reaction gases can be positively expelled by 
introducing an inert gas simultaneously with stopping the reaction gases, whereby the reaction gases can be purged 
in a short period of time. It is inexpensive and convenient to use nitrogen gas as the inert gas; however, a rare gas of 
Group 0 such as Ar can be used as well. The reaction can be expelled with more certainty by introducing a gas having 

30 a molecular weight as large as possible. 

[0287] In the case of purging by introducing an inert gas, the carrier gas can also be an inert gas simultaneously. 
This is preferable because the hydrogen atoms can be purged completely from the reaction apparatus with more 
certainty. However, being a molecule of H 2 , hydrogen serving as the carrier gas does not easily combine with the 
elements of the dopant, so that there will not be a great problem even if the carrier gas is left as it is. 

35 [0288] Free hydrogen atoms in the reaction apparatus are liable to be generated by separation if they are, for ex- 
ample, directly combined with the elements of the reaction gas. Forthis reason, the reaction gas to be used is preferably 
an organic metal material having a structure that does not combine with hydrogen atoms. Namely, in organic metal 
compounds, hydrogen atoms have stable bonding as hydrogen groups and s even if the reaction gas is decomposed 
to isolate metal elements, the other elements are present as hydrocarbon groups, so that hydrogen atoms do not 

40 become free alone. Therefore, even if the hydrocarbon groups become free, they are not easily combined with the 
elements of the dopant, so that there is little possibility of taking the hydrogen atoms in. If such a reaction gas is used, 
a p-type semiconductor layer having a sufficiently high carrier concentration can be obtained even if the reaction gas 
has not been completely purged. On the other hand, H 2 S or the like that combines directly with hydrogen atoms produce 
H* immediately after separation, so that it combines easily with the elements of the dopant. Such a reaction gas of a 

45 Group II or Group VI element that is not directly combined with hydrogen atoms may be, for example, diethyl sulfide, 
(DES), dimethyl sulfide (DMS), diethyl disulfide DES 2 ), dimethyl disulfide (DMS 2 ), diisopropyl sulfide (i-C 3 H 7 ) 2 S), or 
the like. Here, in the case of Se, a reaction gas in which the above S is substituted with Se can be used. 
[0289] Further, from similar viewpoints, the p-type dopant also is preferably a material that is not directly combined 
with hydrogen. A Group Vb element is used as a p-type material of the compound semiconductor, and a material 

50 without having a structure in which the Group Vb element is directly combined with hydrogen may be, for example, 
tridimethyl-amino phosphide P[(CH 3 ) 2 N] 3 , tridimethyl-amino arsine As[(CH 3 ) 2 N] 3 , diethyl-amino-diethyl-arsine 
(C 2 H 5 ) 2 As[N(C 2 H 5 ) 2 ] ! bisdiethyl-amino phosphine chloride [(CH 3 ) 2 N] 2 PCL plasma N 2 , or the like besides the afore- 
mentioned Sb[N(CH 3 ) 2 ] 3 . 

[0290] The previously described example is directed to turning a Group ll-VI compound semiconductor into p-type, 
55 and is especially effective because Group ll-VI compounds cannot be subjected to an annealing treatment for expelling 
hydrogen because they cannot withstand a high temperature. However, even with other compound semiconductor, 
such as a GaN-based compound semiconductor, that combines with hydrogen atoms and cannot be turned into p- 
type, a p-type semiconductor layer having a larger concentration than those subjected to an annealing treatment can 
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be obtained without performing an annealing process. 

[0291] By the invention of this growth method, the carrier concentration of a p-type semiconductor layer can be 
increased by using the aforesaid method when each semiconductor layer is laminated -by a step similar to an ordinary 
one to grow the p-type semiconductor layer in manufacturing a semiconductor light emitting device such as a light 

5 emitting diode or a laser diode with the use of a GaN-based or Group ll-VI compound semiconductor so that the 
operation voltage (threshold voltage) can be lowered and also the light-emission efficiency is improved. 
[0292] According to this method, a sufficiently activated p-type semiconductor layer can be obtained even with the 
use of a compound semiconductor in which dopants combine with hydrogen atoms and cannot function fully as a p- 
type dopant when it is grown by the MOCVD method. As a result, a p-type semiconductor layer having a large carrier 

10 concentration and having a small series resistance can be produced in a large amount by the MOCVD method, so that 
a semiconductor light emitting device having a short wavelength such as blue can be made to emit light with a high 
light-emission efficiency and at a low operation voltage. 

[0293] Figs. 28 to 31 are views for explaining another crystal growth method of an oxide compound semiconductor 
Namely, as a growth method of ZnO, the MOCVD method, the MBE method, the LA (laser ablation ) method, or the 

15 like can be used. However, the MOCVD method is not preferable tor forming a film of a light emitting device material 
because the surface state is extremely poor though it is used forming a transparent conductive film for a solar cell. 
Further the LA method is a method of sublimating (ablating) a target material to form a film on a substrate by intermit- 
tently irradiating a sintered target with a high-output pulse laser (He-Kd laser or the like), and is used for oxide super- 
conductors. However if an attempt is made to form a film of ZnO for forming a light emitting device with this method, 

20 it is not preferable for the growth for a light emitting device, because of poor purity of the material due to the use of a 
target made of a sintered ZnO powder necessity of preparing a number of targets corresponding to the composition 
of each layer such as a cladding layer or an active layer required in the light emitting device, and difficulty in controlling 
the composition due to separation of a metal component during the ablation, and others. 

[0294] Further according to the MBE method, if a gas source is to be used as a material source, it must be supplied 
25 after decomposing it into atoms. Therefore, a plasma source must be added. However, if oxygen is decomposed into 
oxygen atoms by a plasma, ions such as 0 2 ions and O ions, and a large amount of charged particles such as electron 
beams are generated because the energy of plasma excitation is large. If these charged particles are radiated onto a 
substrate, they cause the surface of the substrate to be charged to inhibit the crystal growth or produce an adverse 
effect of etching the formed ZnO film, thereby generating crystal defects and failing to provide a semiconductor layer 
30 having a good crystallinity. For this reason, there is a problem that a ZnO-based compound semiconductor cannot be 
grown with good crystallinity by using any of these methods if one wishes to produce a semiconductor light emitting 
device using an oxide compound semiconductor such as a ZnO-based one. Figs. 28 to 31 are directed to growth of 
oxide compound semiconductor such as a ZnO-based compound by solving such a problem. 

[0295] Referring to Fig. 28 schematically illustrating an embodiment of a growth apparatus for growing ZnO, a crystal 
35 growth apparatus of oxide compound semiconductor according to this example includes a substrate holder 34 disposed 
in a main chamber 31 , a cell group 40 disposed to be capable of radiating elements constituting the compound sem- 
iconductor towards the substrate 38 held by the substrate holder 34, and a plasma source 50 for radiating a plasma. 
Further an electromagnetic field applying apparatus for applying an electric field and/or a magnetic field is disposed 
at least in the vicinity of an opening 55 (See Fig. 29) for radiating the plasma of the plasma source 50. 
40 [0296] The main chamber 31 is a chamber of an ordinary MBE apparatus having the same structure as the previously 
described structure of Fig. 21 . and is a tubular container capable of maintaining a super high vacuum and connected 
to a gas-exhausting apparatus (not illustrated) . Further the substrate holder 34 for holding the substrate 38 for growing 
the semiconductor layer is disposed in the inside thereof, and is adapted to heat the substrate 38 by means of a heater 
35. Further, the cell group 40 containing materials (sources) of the elements constituting the compound semiconductor 
45 to be grown and the plasma source 50 serving as a source of supplying gases such as oxygen are disposed to oppose 
the substrate 38 held by the substrate holder 34. A load-locking chamber for letting the substrate in and out and a 
reserve chamber 37 are disposed in the main chamber 31 . 

[0297] The cell group 40 is a source composed of a crucible or the like that supplies materials similar to the conven- 
tional ones, and is adapted to evaporate the material sources by disposing a heater (not illustrated) around the crucible, 
50 and also a shutter (not illustrated) is disposed in the front so that the desired materials will be supplied to the substrate 
38 side by opening and closing the shutter 

[0298] Referring to Fig. 29 showing an enlarged view of an ECR (electron cyclotron resonance) as an example of 
an oxygen plasma source, the plasma source 50 is constructed in such a manner that the front of a rectangular par- 
allelopiped tube capable of propagating a microwave is partitioned by a quartz window 52 or the like for transmitting 
55 the microwave therethrough, whereby oxygen is introduced to the tip end portion of the tube 51 by means of an oxygen 
introducing tube 53. Further magnets 54 for generating a magnetic field are disposed opposite to each other on the 
side wall of the tip end of the tube 51 to which oxygen is introduced, and is constructed in such a manner that the 
charged particies rotate around the magnetic field and the rotation movement is amplified by the microwave to generate 
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an oxygen plasma. A small opening 55 is disposed on the tip of the tip end portion ofthetube51 , whereby the generated 
oxygen plasma is discharged through the opening 55. The plasma source for supplying nitrogen and other sources 
are constructed in the same manner. 

[0299] The plasma source 50 has the same construction as the construction of a conventional plasma source. How- 
5 ever the plasma source 50 of the present invention is characterized by being constructed in such a manner that, as 
shown in Fig. 29 ; a pair of parallel plate electrodes 56a and 56b are disposed on the outlet side of the opening 55 
through which the plasma oxygen is discharged; a voltage, for example, of about 0.5V is applied to the electrodes 56a ; 
56b; and if any charged particles A are present, they are deviated to be warped so as not to reach the substrate 38 or 
are captured by the electrodes 56. When the length L and the interval d of the parallel plate electrodes 56 are deter- 
10 mined, an applied voltage is determined as follows. 

[0300] Referring to Fig. 29, the distance between the tip end of the electrodes 56 and the surface of the substrate 
38 is assumed to be M; the diameter of the substrate 38 is assumed to be D; and the angle by which the charged 
> particles A are bent by the voltage applied to the electrodes 56 is assumed to be 8. 

[0301] In order to prevent the charged particles A from arriving in the substrate 38, the following must be satisfied, 
75 assuming that the opening 55 is very small as compared with the diameter of the substrate 38. 

_ M-tanG > D/2 (1) 

20 [0302] Since the force acting on the charged particles A in the parallel plate electrodes 56 is represented by q-V/d 
(Newton), where the amount of electric charge of the charged particles A is q (Coulomb) and the applied voltage is V 
(Volt), the following relationship holds between the velocity ^ v in the vertical direction and the velocity ^ h in the horizontal 
direction at the outlet of the parallel plate electrodes 56, where the mass of the charged particles A is m. 



25 
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^ v =q-V.L7(m^ h -d) (2) 



tanO = Vs h = qAAL/(m V-d) (3) 



By substituting the equation (3) for the inequality (1), 



V> D-m-^ h 2 .d/(2q.M'L) (4) 

[0303] Assuming that the velocity distribution of the charged particles is a Boltzmann distribution, the average velocity 
^ ave is represented as follows, where the Boltzmann constant is k and the absolute temperature is T. 

40 4 ave = (2kT) 1/2 /(7c.m) (5) 

Assuming that % is approximately equal to ^ ave , 

45 V > D-d-k-T/(7i-q-M-L) 

[0304] The energy of charged particles is generally held to be on the order of several eV in glow discharge or the 
like. Therefore, assuming that this applies also to the present case, the plasma temperature will be about ten thousand 
K. Assuming that the ion seed is O, and M - 20 cm, L = 1 cm, D = 5 cm, and q = 1.6 x 10 19 Coulomb, the following 
50 holds from the inequality (4). 

V > 0.206 (Volt) 



[0305] Thus, an approximate value of the applied voltage can be determined. A truly suitable value can be determined 
by measuring the electric current vaiue caused by ions flowing into the parallel plate electrodes. However, if an exces- 
sively large voltage is applied, there is a possibility that the electric discharge is generated between the electrodes 56, 
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so that voltages of more than 900 to 1000 V/cm are not preferable, though it depends on the apparatus. 
[0306] Fig. 30 shows a result of measurement of X-ray locking curves when a voltage is applied and when a voltage 
is not applied. As will be apparent from Fig. 30 ; according to the method P of applying a voltage of the present invention, 
the half value width is narrowed from 0.21° to 0.13° as compared with the value of a conventional method Q. thereby 

5 showing an improvement in crystallinity. 

[0307] Further Table 2 shows the result of measurement of holes in non-doped ZnO. As will be apparent from Table 
2, the carrier concentration is reduced to the order of 10 17 cm" 3 by application of the voltage of the present invention, 
in contrast to the carrier concentration of about the latter half of the order of 10 18 cnr 3 when a conventional growth 
was carried out without application of a voltage. In other words, the carrier concentration of non-doped ZnO is consid- 

10 ered to be due to deletion of O and it is found out that, according to the method of the present invention, deletion of O 
is reduced to improve the crystallinity. 



Table 2 



Carrier Concentration 


Sample No. 


Present invention 


Conventional 


1 


6.4>:10 17 


8.1 X10 18 


2 


6.5X1 0 1 7 


8.7X10 18 


3 


7.1 x10 17 


9.8x1 0 18 


4 


7.2X1 0 17 


9.2X10 18 


unit: /cm- 


applied voltage: 200 V/cm 3 



25 [0308] Fig. 31 shows another structure example of this growth method. This example is constructed in such a manner 
that a pair of magnets 57 are disposed in the vicinity of an opening through which plasma oxygen is discharged, and 
a magnetic field is applied instead of the aforesaid application of an electric field. When a magnetic field is applied to 
charged particles A ; the charged particles A receive a Lorentz force in the direction perpendicular to their moving 
direction by the magnetic field, and are bent in the direction of rotation around the magnetic field. By this bending, the 

30 moving direction of the charged particles is deviated, thereby to prevent the charged particles from directly hitting the 
substrate. An X-ray locking curve and a carrier concentration of non -doped ZnO were measured also by this method. 
The result showed improvements in both, similarto those described before, and it has been confirmed that an improve- 
ment in crystallinity has been made. 

[0309] Thus, in the growth method of an oxide compound semiconductor according to the present invention, an 

35 apparatus such as described above is used for introducing the constituent elements of the oxide compound semicon- 
ductor and oxygen in a plasma state, and crystals of the oxide compound semiconductor are grown while removing or 
deviating charged particles generated in a plasma by application of an electric field or a magnetic field to prevent the 
aforesaid charged particles from being radiated directly onto the aforesaid substrate. By doing so, even if charged 
particles are generated as described above, the charged particles are removed by being bent to a place where the 

40 substrate for growing the semiconductor crystals is absent. As a result, only non-charged radical oxygen reaches the 
substrate and, being a radical, the oxygen easily reacts and combines with other elements on the substrate to grow 
as oxide on the substrate. Further, since the charged particles do not enter directly onto the substrate, the surface of 
the semiconductor layer grown on the substrate surface will not be charged and defects due to the charged particles 
arc not generated, whereby a semiconductor crystal having an extremely excellent crystallinity can be grown. 

45 [0310] According to this example, the crystal growth of an oxide compound semiconductor such as ZnO, by which 
it is conventionally difficult to obtain a semiconductor layer having an excellent crystallinity, can be carried out with an 
extremely good crystallinity. As a result, a blue light emitting device having a short wavelength using an oxide compound 
semiconductor such as ZnO can be realized with a new material, thereby contributing to the development of blue 
semiconductor light emitting devices to a greater extent. 

5 o [0311] Figs. 32 to 33 are explanatory views of another example for growing a ZnO-based compound semiconductor 
layer having a good crystallinity. Originally, the crystal growth of this compound semiconductor proceeds by physical 
or chemical reaction of two or more kinds of atoms or molecules in a certain temperature region. At this time, a move- 
ment (migration) is needed in which different kinds of atoms being in contact on a substrate surface move to fill the 
crystal defects of each other. Without this movement, crystals grow faster in the inherent direction in which the crystals 

5 5 are liable to grow, so that the crystal growth proceeds while the crystal defects are maintained. Construction of a light 
emitting device with such a semiconductor layer having crystal defects causes decrease in the light-emission efficiency 
or decrease in the reliability of the element. 

[0312] Migration is prompted in a state in which a compound is neither molten nor solidified. Therefore, there is a 
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close relationship between a temperature suitable for migration and a temperature of growing crystals. Table 3 sum- 
marizes, for example, a relationship between a melting temperature and a generally conducted growth temperature of 
a compound semiconductor used as a conventional semiconductor light emitting device. 



Table 3 



Melting Temperature and Growth Temperature of Compound Semiconductor 


Material 


Melting Temperature (°C) 


Growth Temperature(°C) 


MOCVD 


MBE 


GaAs 


1238 


=650 


650 to 700 


GaP 


1465 


=650 




InP 


1070 


=650 




GaN 


not less than 1700 


=1050 


700 


ZnS 


1020 


350 


400 to 500 


ZnSe 


1400 


350 


400 to 500 


ZnO 


not less than 1980 


=400 


300 to 350 


CdO 


not less than 1500 


=400 


200 to 250 


MgO 


2826 


=400 


400 to 450 



[0313] As will be apparent also from Table 3 5 for conventional growth of compound semiconductor, a standard rela- 
tionship of epitaxial growth temperature/melting temperature is empirically considered to be about 3/4 to 4/5. The 
melting point of ZnO is considered to be more than about 1 980°C, so that epitaxial growth or ZnO must be carried out 
ideally at about 1500°C, and it is preferable to grow ZnO at a temperature as high as possible. 
[0314] However, if one wishes to epitaxiaily grow a ZnO-based compound semiconductor with an MBE apparatus 
as described before, it is not possible to raise the crystal growth temperature because the vapor pressure of Zn atoms 
is high. For this reason, it is grown at about 300 to 350°C, whereby the aforesaid migration does not occur and the 
crystal growth proceeds only in the longitudinal direction, so that a grain boundary is liable to be generated in crystals. 
This example is directed to an improvement on this point. 

[0315] The inventors of the present invention have repeatedly made eager studies in order to grow a ZnO-based 
compound semiconductor with good crystallinity and found out that, since the bonding energy of Zn with hydrocarbon 
is high, the evaporation of Zn can be prevented even if the temperature of crystal growth is raised, and have found out 
that a ZnO-based compound semiconductor layer having an excellent crystallinity can be obtained by growing it at a 
high temperature of about 600 to 700°C. 

[0316] In a ZnO-based compound semiconductor light emitting device according to this example, a light emitting 
layer forming portion 1 1 that forms a light emitting layer by lamination of ZnO-based compound semiconductor layers 
is disposed on a substrate 1 , as illustrated in Fig. 32 showing a cross-sectional explanatory view of a LED chip as an 
examples thereof. Further, it is characterized in that a C (carbon) element is contained in the ZnO-based compound 
semiconductor layers. 

[0317] Each of the semiconductor layers in the light emitting layerforming portion 11 is formed to have a composition 
similar to those of each of the previously described examples, and their explanation will be omitted by denoting like 
parts with like reference numerals. In this example, however, an organic metal compound of Zn is used in growing 
these semiconductor layers, so that the bond of Zn with C is strong, and C remains also in the semiconductor layers. 
Also, evaporation of Zn can be prevented by bonding of C and Zn during the epitaxial growth of the semiconductor 
layers at a high temperature, so that a semiconductor layer having a good crystallinity can be grown at a high temper- 
ature. Further, in the example shown in Fig. 32, an n-type ZnO substrate, for example, is used as the substrate 1. 
However, it is not limited to ZnO alone, and it is possible to use a substrate of sapphire, GaN, GaP, SiC, or the like. 
The other structures are the same as in each of the previously described examples. However, like the aforesaid ZnO- 
based compound semiconductor layers, an organic metal compound of Zn is used in growing n-type and p-type contact 
layers 3. 7, so that the bond of Zn with C is strong, and C remains also in the semiconductor layers. Also, evaporation 
of Zn can be prevented during the epitaxial growth of the semiconductor layers al a high temperature, so that a sem- 
iconductor layer having a good crystallinity can be grown at a high temperature. 

[0318] Thus, this example is characterized in that the ZnO-based compound semiconductor layers are grown by 
using an organic metal compound of Zn as a material of Zn. in other words, in a conventional case of growing a ZnO- 
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based compound semiconductor with the use of an MBE apparatus, it is grown on a substrate by supplying plasma 
oxygen to the substrate to attain a vapor pressure (partial pressure) of about 1 x 10* 6 to 1 x 10' 5 Torr while radiating 
Zn as a source metal onto the substrate so that its vapor pressure (partial pressure) will be about 1 x 10' 6 to 5 x 10* 8 
Torr. However, owing to the high vapor pressure of Zn, if the growth temperature of the substrate is raised too much.. 

5 the vapor pressure will be too high, and the ratio of the two will be unbalanced, so that ZnO does not grow. For this 
reason, the conventional growth of ZnO had to be carried out at a low temperature of about 300 to 350°C. However 
in the present invention, since an organic metal compound such as dimethylzinc is used as a material of Zn : the 
temperature of separation between zinc and hydrocarbon will be as high as 450°C or more, and ZnO can be grown at 
a high temperature. Moreover, when the organic metal compound is decomposed, the bond between Zn and C is not 

10 separated easily though hydrogen is separated because carbon and hydrogen in hydrocarbon are easily separated. 
Therefore, Zn and C in the bonded state combine with O to grow a ZnO-based compound semiconductor. As a result, 
ZnO containing C grows and, even in the case of high temperature growth, evaporation of Zn can be prevented on the 
basis of the bond between C and Zn. 
f [0319] Next, the production method of this LED will be explained. A substrate 1 made of ZnO or the like is set, for 

15 example, in an MBE apparatus; the temperature of the substrate 1 is set to be about 600 to 700°C; and dimethylzinc 
(Zn(CH 3 ) 2 ) is radiated from a cell so as to attain a vapor pressure of about 1 x 10 -6 to 5 x 10" 8 Torr while radiating 
plasma oxygen. Through this process, dimethylzinc is decomposed by the temperature to become Zn(CH 2 ) 2 2+ by 
separation of hydrogen, and combines with 0 2_ -Then, H is further separated or C is further separated to grow ZnO 
conLaining C. Here, ZnO can be grown to a desired thickness by controlling the period of time for growth. Further, as 

20 an n-type dopant, trimethylaluminum (TMA) can be radiated to attain a vapor pressure of about 1 x 1 0" 9 Torr for doping. 
[0320] Subsequently, in order to grow an n-type cladding layer 4, the shutter of a cell of cyclopentadimethylmagne- 
sium Cp 2 Mg is further opened as a source of Mg to radiate an organic metal compound of Mg. By controlling the vapor 
pressure of Cp 2 Mg, the crystal mixing ratio of Mg and Zn can be controlled. For example, by setting the vapor pressure 
to bo about 5 x 1 0' 6 to 5 x 1 0* 8 Torr, Mg 0 15 Zn 0 85 0 can bo grown. 

25 [0321] Next, in order to grow the active layer 5, the cell of Cp 2 Mg and the cell of the dopant TMA are closed, and 
the shutter of dimethylcadmium (DMCd), which is a source of Cd, is opened to radiate DMCd to continue the growth 
in the same manner. Further, a p-type cladding layer 6 and a p-type contact layer 7 are grown in the same manner to 
grow a semiconductor laminate section 12. Here, in order to obtain p-type, they were formed by simultaneous doping 
with plasma-excited N 2 and TMA. 

30 [0322] Thereafter, the wafer on which the epitaxial growth has been carried out is taken out from the MBE apparatus, 
and is put into a sputtering apparatus to form a transparent conductive film ITO to a thickness of about 0.15 pm to 
provide a transparent electrode 8. Then, the rear surface of the substrate 1 is ground to a thickness of about 1 00 u/n; 
an n-side electrode 9 made of Ti/Au or the like is formed over the entire rear surface of the substrate 1 by vacuum 
vapor deposition or the like; and a p-side electrode 1 0 made of Ni/Al or the like is formed on the transparent electrode 

35 8 by vacuum vapor deposition or the like using, for example, the lift-off method. Thereafter, the wafer is made into chips 
to produce a LED chip shown in Fig. 32. 

[0323] When ZnO was grown by such a method, the degree of O defects decreased to about 8 x 1 0 16 cm" 3 , in contrast 
to the carrier concentration of 5 x 10 18 cm* 3 when ZnO was grown without doping by a conventional method (In the 
case of ZnO, O defects are liable to be generated in growing crystals, so that non-doped ZnO will be n-type if the 

40 crystallinity is poor). Further, the state of the grown semiconductor crystals was examined by X-ray analysis using a 
locking curve plotted against the rotation angle o> of the substrate as shown in Fig. 33 ; from which it will be understood 
that, while the FWHM (full width at half maximum; full angle at half value, see Fig. 33) of ZnO grown at a low temperature 
by a conventional method was 0.015°, the FWHM of ZnO grown at a high temperature by the aforesaid method had 
an extremely small value of 0.003°, thereby showing an improvement in crystallinity. 

45 [0324] In the previously described example, materials of metals other than Zn were also organic metal compound 
materials. However, for Mg having a low vapor pressure, a metal source similar to a conventional one may be used. 
Further, in the previously described example, dimethylzinc was used as an organic metal compound of Zn. However, 
besides this, diethylzinc or the like can be used. Further, in the previously described example, the light emitting layer 
forming portion 11 had a double heterojunction structure in which the active layer was sandwiched between cladding 

50 layers made of materials having a larger band gap energy than the active layer. However, it may be constructed with 
a pn-junction, a MIS structure (metal-insulating layer-semiconductor layer), or the like. Furthermore, although the pre- 
viously described example was directed to a LED, an LD having a structure of any of the previously described examples 
may be produced. 

[0325] According to this example, an organic metal compound of Zn, which has a low melting point, is used as a 
55 source material, so that a ZnO-based compound semiconductor having a good crystallinity can be grown without evap- 
oration even if the growth temperature is raised above 600°C. As a result, a ZnO-based compound semiconductor 
layer having an extremely excellent crystallinity can be grown, thereby improving the reliability and manufacturing LEDs 
and LDs being excellent in light-emission characteristics. 
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[0326] As a result, the crystallinity of a ZnO-based compound semiconductor layer or the like used particularly in a 
blue semiconductor light emitting device can be improved, so that the light-emission characteristics such as the liqht- 
emission efficiency of a currently desired semiconductor light emitting device such as.a blue LED or LD in particular 
can be improved with the use of a new material. 

[0327] Figs. 34 to 35 are directed to a structure example which utilizes a fact that a ZnO-based compound can be 
subjected to wet etching and in which the electric current can be narrowed with certainty in forming a semiconductor 
laser. Namely, a conventional GaN-based compound semiconductor can be etched only by physical dry etching and 
it is not possible to build an electric current constriction layer near the active layer. Moreover, if it is etched by dry 
etching, the damage given to the semiconductor layer is large, and also it is not possible to perform regrowth of the 
semiconductor layer with good crystallinity because of adhesion of contamination or the like, so that an internal current 
constriction layer cannot be formed near the active layer. 

[0328] Further, it is generally known in the art that the effect of inhibiting the electric current is large and effective if 
the electric current constriction layer is formed with an insulator instead of forming it with a conductivity different from 
the surrounding cladding layers. However, in order to form an electric current constriction layer with an insulator, a 
dielectric such as Si02 different from the semiconductor layers must be formed, so that it must be formed by transferring 
the substrate to a CVD apparatus or the like different from the one for forming the semiconductor layers Also since 
the dielectric is not a single crystal, continuity of crystals cannot be achieved in laminating the semiconductor layers 
In the present example, which solves these problems, an electric current constriction layer is formed of an insulating 
layer made of a semiconductor crystal layer whose physical properties such as a lattice constant is near to those of a 
GaN-based or ZnO-based compound semiconductor or the like that emits blue light and, since it can be etched by wet 
etching, the electric current constriction layer is built near the active layer. 

[0329] The inventors of the present invention have repeatedly made eager studies in order to obtain a semiconductor 
laser having a low threshold voltage and a high oscillation efficiency without waste of electric currents by building an 
electric current constriction layer near an active layer with the use of a material that can be subjected to wet etching 
even with a blue semiconductor laser in particular. As a result, the inventors have found out the following Namely a 
ZnO-based compound semiconductor tends to become semiinsulated instead of becoming p-type even if it is doped 
with a p-type Group IA or Group VB dopant. Therefore, by using this semiinsulated ZnO-based compound semicon- 
ductor as an electric current constriction layer, the effect of blocking electric currents is far larger than forming an n- 
type electric current constriction layer in a p-type cladding layer. Further, since it can be etched by wet etching and 
also its physical properties such as a lattice constant are near to those of a GaN-based compound semiconductor it 
can be laminated successively to a light emitting layer forming portion and can be formed at a place near the active 
layer, thereby manufacturing a semiconductor laser having high characteristics. 

[0330] A semiconductor laser according to this example includes, for example, a first cladding layer 4 made of a first 
conductivity type (n-type) semiconductor and disposed on a sapphire substrate 1 . an active layer 15 disposed on the 
first cladding layer, and a second cladding layer 6 (6a, 6b) made of a second conductivity type (p-type) semiconductor 
and disposed on the active layer 1 5; and an electric current constriction layer 1 7 is disposed in the inside of or in the 
vicinity of the second cladding layer 6, as illustrated in Fig. 34 showing a cross-sectional explanatory view of an example 
thereof Further, the electric current constriction layer 17 is made of a ZnO-based compound semiconductor doped 
with a Group IA or Group VB element. 

[0331] in the example shown in Fig. 34, the second cladding layer 6 is made of a p-type lower cladding layer 6a and 
a p-type upper cladding layer 6b, and the electric current constriction layer 17 is disposed therebetween The p-tvpe 
cladding layer 6 (6a, 6b) is made of Mg^n^O (0<y<1 , for example, y=0. 15), and the electric current constriction layer 
17 is made of Mg^n^O (0<z<1, y<z, for example, z=0.2) doped with a Group IA or Group VB element and formed 
to a thickness of about 0.2 to 0.6 urn. The electric current constriction layer 17 is not limited to Mg.Zn, z O as long as 
it is a ZnO-based compound semiconductor. However, if a mixed crystal with Mg is made, it is preferable because the 
band gap energy increases and the refractive index decreases, so that the electric current constriction layer does not 
absorb the light emitted by the active layer and can be disposed near the active layer, and also a real refractive index 
waveguide structure can be made. In the electric current constriction layer 1 7. a stripe groove 1 8 is formed, for example 
by wet etching after growth to remove a portion where an electric current injection region is to be formed If like this 
example, the electric current constriction layer 1 7 is made of the same kind of material as the p-type cladding layer 6 
the portion to form the electric current injection region can be etched with ease and certainty by disposing an etching 
stopping layer such as BeZnO at the boundary thereof, though not illustrated. 

[0332] Further, this electric current constriction layer 1 7 made of a ZnO-based compound semiconductor is doped 
with a p-type dopant. This is based on the finding that a ZnO-based compound semiconductor is liable to generate 
oxygen defects and is liable to become n-type if grown as it is ; however, by being doped with a p-type dopant, it becomes 
semi.nsulated to mcrease the effect of inhibiting the electric current as compared with the case of forming it in n-type 
as described before. The reason why it becomes semiinsulated by being doped with a p-type dopant seems to be due 
to the property that the ionization degree of the ZnO-based compound is large. For example, it seems that the dopant 
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nitrogen atoms strongly repel each other by a Coulomb repulsion force, whereby the holes are located at the position 
of N without spreading over the whole and merely cancel the n-type generated by oxygen defects or the like. For this 
reason, by introducing a p-type dopant in epitaxialiy growing an ordinary ZnO-based compound semiconductor, a 
semiinsulating i-type ZnO-based compound semiconductor is obtained, and an electric current constriction layer 1 7 is 
5 obtained that produces a far larger electric current blocking effect than forming it into an n-type layer. Here, as the p- 
type dopant, Group IA elements such as Li, Na, and K. and Group VB elements such as N, P, As, and Sb, for example, 
are preferable because they can be easily handled with. 

[0333] Each of the semiconductor layers in the light emitting layer forming portion 1 1 is made to have a composition 
similar to that of the previously described examples except that the p-type cladding layer is split into the first layer 6a 

10 and the second layer 6b, and the electric current constriction layer 17 is inserted.therebetween, so that the explanation 
thereof will be omitted by denoting like parts with like reference numerals. Further the substrate 1 and the buffer layer 
2 can also be made of various materials in the same manner as in the previously described examples, and the electrodes 
and the other semiconductor layers are similar to those of the previously described examples. 
[0334] The production method may be the MBE method or the like in the same manner as in the previously described 

15 examples. Here, if an n-type semiconductor layer was to be formed, it was doped by sputtering Al } whereas if a p-type 
semiconductor layer was to be formed, it was formed by simultaneous doping with plasma-excited N 2 and Al. By 
simultaneously doping with plasma-excited N 2 as a p-type dopant and Al as an n-type dopant, the n-type dopant acts 
as a buffering agent to produce a p-type layer. Farther, in growing the electric current constriction layer, it is doped only 
with the plasma-excited N 2; whereby it becomes semiinsulating to produce a semiinsulating electric current constriction 

20 layer 1 7 instead of becoming p-type, as described previously. Here, the p-type dopant is not limited to plasma-excited 
N 2 alone, and the semiconductor layer will be a p-type layer in the same manner if it is doped with a Group IA element 
such as Li, Na, or K, or another Group V element such as P, As, or Sb together with an n-type dopant; and the semi- 
conductor layer will be an insulating layer if it is doped with a p-type dopant alone. 

[0335] According to this example, the electric current constriction layer 17 of a semiconductor laser is made of a 
25 semiinsulating ZnO-based compound semiconductor. This ZnO-based compound semiconductor has a property of 
becoming semiinsulating instead of becoming p-type even if it is doped with a p-type dopant, as described before. For 
this reason, a semiinsulating electric current constriction layer can be easily grown by stopping the n-type dopant, 
which is a dopant buffering agent, while forming a p-type cladding layer by simultaneously introducing the p-type dopant 
and the n-type dopant as a buffering agent. Therefore, an insulating layer can be laminated successively by the same 
30 growth apparatus for semiconductor layers and without the use of a special CVD apparatus or the like. Moreover, since 
a ZnO-based compound semiconductor can be etched with an acidic or alkaline etchant such as a sulfuric acid etchant, 
the electric current constriction layer can be built with good precision near the active layer. As a result, a high-output 
semiconductor laser having a large current-blocking effect and a low threshold current can be obtained. Moreover, the 
electric current constriction layer can be made of a material containing Mg as mixed crystals and having a large band 
35 gap energy and a small refractive index can be used. Therefore, even if the electric current constriction layer is disposed 
near the active layer, the loss caused by absorption of light is small, and a semiconductor layer having a real refractive 
index waveguide structure can be obtained. 

[0336] The aforesaid example is an example in which the semiconductor laminate section was constructed entirely 
with ZnO-based compound semiconductor. However, even if other compound semiconductor such as GaN-based com- 
40 pound semiconductor are used, a semiinsulating electric current constriction layer can likewise be formed of a ZnO- 
based compound semiconductor. Fig. 35 is an explanatory view showing an example in which a blue semiconductor 
laser is constructed with a GaN-based compound semiconductor. 

[0337] In this case, the substrate 1 is made of a sapphire substrate in the same manner as previously described; a 
GaN layer is formed as the buffer layer 2; an n-type GaN layer is formed as the n-type contact layer 3; A1 a Ga.,. a N 

^5 (0<a<0. 3, for example, a=0. 15) is formed to a thickness of about 0.1 to 1 urn as the n-type cladding layer 4; the n-type ■ 
and p-type optical wave guide layers 14,16 are formed of n-type and p-type GaN, respectively, to a thickness of about 
0.01 to 0.1 am; and the active layer 15 is formed to have a multiple quantum well structure in which a barrier layer and 
a well layer made of ln 0 06 Ga 0 94 N and ln 0 -|Ga 0 9 N are alternately laminated to thicknesses of 60 A and 30 A, respec- 
tively, each for two to five layers. The p-type cladding layer 6 has the same composition as the n-type cladding layer 

50 4 and is formed, for example, by Zn doping. The p-type lower cladding layer 6a is formed to a thickness of about 0.05 
to 0.5 urn; the electric current constriction layer 17 made of semiinsulating (i-type) Mg z Zn-,. z O similar to the example 
of Fig. 34 is formed to a thickness of about 0.2 to 0.6 fi m; and, in its stripe groove and on its upper surface, the p-type 
upper cladding layer 6b is formed to a thickness of about 0.5 to 2 u,m. Further, the p-type contact layer 8 made of p- 
type GaN is formed to a thickness of 0.5 to 2 um and the n-side electrode 9 and the p-side electrode 1 0 are disposed 

55 in the same manner as described before. The wafer is then made into chips to produce an LD chip having a structure 
shown in Fig. 35. 

[0338] In this case also, since the electric current constriction layer is made of a ZnO-based compound semicon- 
ductor, it can be etched with wet etching and further, since GaN-based compound semiconductor is extremely stable 
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against etchants, an etching stopping layer is not needed so that the electric current constriction layer can be formed 
near the active layer. Further, the ZnO-based compound semiconductor has physical properties such as a lattice con- 
stant similar to those of the GaN-based compound semiconductor, and can be grown successively as it is. As a result, 
the electric current constriction layer can be built near the active layer with the use of a ZnO-based compound semi- 
conductor though it was not conventionally possible to build an electric current constriction layer near the active layer 
in a semiconductor laser using a GaN-based compound semiconductor. Moreover the electric current constriction 
layer can be built with an insulator as described above : all the more increasing the electric current blocking function 
as compared with building it with n-type. 

[0339] In order to produce an LD chip having an SAS structure shown in Fig. 35 : a substrate 1 made of sapphire is 
washed with an organic solvent such as acetone or ethanoL rinsed with pure water then subjected to an acid treatment 
with a mixed liquid of phosphoric acid + sulfuric acid (mixing ratio = 1 :3) at 80°C, and then rinsed again with pure water. 
The sapphire substrate 1 thus subjected to these pretreatments is put into an MOCVD (metal organic chemical vapor 
deposition) apparatus, and the substrate temperature T s is raised to about 1050°C in a H 2 atmosphere for thermal 
cleaning for about 10 minutes. Thereafter the substrate temperature is lowered to about 600 °C , and then trimethyl- 
gallium (TMG) and ammonia gas (NH 3 ). which are reaction gases ; are introduced together with a carrier gas H 2 to 
form a film of a buffer layer 2 made of GaN to a thickness of about 0.01 to 0.2 jim. Then, with the substrate temperature 
raised to about 800°C, the reaction gases are successively changed to necessary ones to grow each semiconductor 
having a composition and a thickness as described- before. Here, in growing an electric current constriction layer 17, 
il can be obtained by introducing and reacting plasma N 2 for N as a dopanl with the use or dimethylzinc (DMZn) for 
Zn s plasma 0 2 for O. and cyclopentadienyl magnesium Cp 2 Mg for Mg as reaction gases. After the growth, an electric 
current injection region such as astripe groove is removed by etching in the same manner as in the previously described 
examples. Here, in this case, since the GaN-based compound is stable against etchants, an etching stopping layer is 
not needed. Further, electrodes 9, 10 are formed and the wafer is made into chips in the same manner as in the 
previously described examples to produce an LD chip having a structure shown in Fig. 35. Hero, in this example, all 
the semiconductor layers are formed by the MOCVD method. However the electric current constriction layer alone 
may be grown by the MBE method, or alternatively all the semiconductor layers may be grown by the MBE method. 
[0340] Here., the example of the GaN-based semiconductor layer is merely an example, so that GaN may be used 
in place of AIGaN, and a materia! having a crystal mixing ratio to give a suitable band gap energy can be selected and 
used within the range of GaN-based semiconductor layers and ZnO-based compound semiconductor Further, an 
insulated ZnO-based compound semiconductor can be used as an electric current diffusing layer for other semicon- 
ductor layers such as AIGaAs. 

[0341] According to this example, since the electric current constriction layer of a semiconductor laser is made of a 
ZnO-based compound semiconductor doped with a Group IA or Group VB element, the insulating electric current 
constriction layer can be successively laminated near the active layer in the same growth apparatus for epitaxially 
growing the semiconductor layers. Moreover since the electric current injection section can be formed by wet etching, 
no damages are given to the semiconductor layers. Further, since the electric current constriction layer can be made 
of a material having a large band gap energy, the electric current constriction layer can be built near the active layer. 
As a result, the waste of electric currents is prevented to produce a semiconductor laser having high characteristics 
with a low threshold current. 

[0342] Figs. 36 to 39 show an example in which the most suitable etching stopping layer is disposed when the 
aforesaid electric current constriction layer is made of MgZnO. Namely, a ZnO-based compound semiconductor can 
be easily etched with an acidic or alkaline etchant, whereby the electric current constriction layer can be built near the 
active layer However, although the electric current injection region is determined by the width W of an etched portion 
of the electric current constriction layer 67 as shown in Fig. 39(c) and the width can be made constant by sufficiently 
performing side-etching, the width cannot be determined by the side etching because the etching proceeds isotropically 
and the cladding layer made of MgZnO is etched as well, as shown in Fig. 39(a). In order to determined the width, it 
is ideal to stopthe etching at the cladding layer 66 and the width W is determined by side-etching, as shown in Figs. 
39(b) to (c). Here, in Fig. 39, the reference numeral 68 represents a resist film. 

[0343] Thus, in constructing a blue semiconductor laser using a ZnO-based compound semiconductor, the electric 
current constriction layer can be easily built near the active layer, because ZnO-based compound semiconductor can 
be etched with an acidic or alkaline etchant. However, since the cladding layer is also etched, the side etching cannot 
be carried out, so that the width, for example, of the stripe groove serving as the electric current injection region cannot 
be made constant. For this reason, a layer having a smaller etching rate than the electric current constnetion layer 
must be placed under the electric current constriction layer However, the cladding layer must have a large band gap 
energy. Therefore, among the ZnO-based compound semiconductor only ZnO and MgZnO can be conceived of as a 
material for the cladding layer like the electric current constriction layer For this reason, it must be a material having 
a different etching rate from the electric current constriction layer and having a sufficient band gap energy so as not 
to absorb the light emitted by the active layer. However, a suitable etching stopping layer made of a ZnO-based com- 
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pound semiconductor has not yet been found. Therefore, an etching stopping layer is demanded which has a suitable 
structure to form an electric current injection section with good precision in the electric current constriction layer. 
[0344] The inventors of the present invention have repeatedly made eager studies to.find a suitable etching stopping 
layer to be disposed under the electric current constriction layer so that only the electric current constriction layer can 

5 be etched without affecting the cladding layer in constructing a semiconductor laser using a ZnO-based compound 
semiconductor. As a result : the inventors have found out that., while ZnO-based and MgZnObased compounds are 
dissolved in an alkaline etchant, a CdZnO-based compound has a smaller etching rate to the same alkaline etchant 
and., by setting its thickness to be smaller than about 0.1 [i m : it can contribute sufficiently as an etching stopping layer 
without affecting the characteristics, and that a BeZnO-based compound obtained by forming mixed crystals of Be with 

10 ZnO is extremely stable against both acidic etchants and alkaline etchants.. so that it can sufficiently contribute as an 
etching stopping layer even if it is formed to have a smaller thickness in the same manner. 

[0345] A semiconductor laser having this etching stopping layer disposed therein includes, for example, a first clad- 
ding layer 4 made of a first conductivity type (n-type) semiconductor and disposed on a sapphire substrate 1 , an active 
layer 15 disposed on the first cladding layer, and a second cladding layer 6 (6a, 6b) made of a second conductivity 

?5 type (p-type) semiconductor and disposed on the active layer 1 5; and an electric current constriction layer 1 7 made of 
Mg z Zn 1 . z O (0<z<1) is disposed in the inside of or in the vicinity of the second cladding layer 6, as illustrated in Fig. 36 
showing a cross-sectional explanatory view of an example thereof. Further, this example is characterized in that an 
etching stopping layer 27 made of CdgZn^O (0<s<1 ) or Be^n^O (0<t<1 ) is disposed on the substrate 1 side of the 
electric current constriction layer 17. 

20 [0346] In the example shown in Fig. 36, the second cladding layer 6 is made of a p-type lower cladding layer 6a and 
a p-type upper cladding layer 6b and, between them, an etching stopping layer 27 made of Cd s Zn Vs O (0<s<1) and 
having a thickness of several hundred A and a semiinsulating Mg z Zn.,. 2 0 (0<z<1 . y<z, for example, z-0.2) doped with 
N or Li and having a thickness of about 0.2 to 0.6 jim are disposed. The electric current constriction layer is not limited 
to Mg z Zn Vz O alone, and may be any ZnO-based compound semiconductor. However, if mixed crystals with Mg arc 

25 formed, it is preferable because the band gap energy increases and the refractive index decreases, so that the electric 
current constriction layer can be disposed near the active layer without absorbing the light emitted by the active layer, 
and also a real refractive index waveguide structure can be formed. In this electric current constriction layer 17, a stripe 
groove 18 is formed, for example, by wet etching to removing a portion which is to become an electric current injection 
region after growth. In this invention, an etching stopping layer 27 is disposed so as not to overetch the p-type lower 

30 cladding layer 6a in performing the wet etching. This etching stopping layer 27 will be described in detail. 

[0347] The inventors of the present invention have repeatedly made eager studies to construct a structure in which, 
for example, the stripe groove 18 serving as an electric current injection region is formed to have a constant width by 
etching while preventing the overetching of the p-type lower cladding layer 6a when the electric current constriction 
layer 17 is made of Mg 2 Zn 1 . z O with the use of a ZnO-based compound semiconductor as described before. First, in 

35 order to form the electric current injection portion such as the stripe to have a desired constant width, the inventors of 
the present invention have found out that, in a state shown in Fig. 39(a) where up to the lower surface of the electric 
current constriction layer 67 is etched (the corner portion is not completely etched), if a side-etching is carried out for 
a period of time of about 10 to 40% of the etching time up till then (See Fig. 39(c)), an electric current injection region 
having an almost constant width can be formed. For example, assuming that the period of time from the start of etching 

40 the eiectric current constriction layer 1 7 made of ZnO (z=0) and having a thickness of about 0.7 jim beginning with the 
upper surface with an 8% NaOH solution up till the time in which its bottom surface is etched (the state in which the 
corner portion still remains) as shown in Fig. 39(a), is about 5 minutes, then a stripe groove 18 having a desired stripe 
width (See Fig. 36) can be formed by further continuing the etching process for about 30 seconds to 2 minutes. There- 
fore, it is sufficient to form an etching stopping layer 27 having a thickness that is not etched to reach the p-type lower 

45 cladding layer 6a while the electric current constriction layer 17 is being subjected to the side-etching. 

[0348] On the other hand, if the etching stopping layer 27 is too thick, the width T of the electric current injection 
region al the active layer 15 will be too broad, as shown in the right figure in Fig. 37(a), so that ineffective electric 
current disadvantageous^ increases. Further, since the etching stopping layer 27 is made of a material having a dif- 
ferent composition from the cladding layer, the band gap energy is different. Therefore, as shown in Fig. 37(b) illustrating 

50 the relationship (conduction band side) of the band gap energy of each layer, a band gap barrier Bora well Q is formed 
to hinder the conduction of carriers irrespective of whether the band gap energy of the etching stopping layer 27 is 
larger or smaller. For this reason, the etching stopping layer must be formed to have a thickness such that these will 
not be a problem. Thus, the thickness of the etching stopping layer 27 must be less than about 0.1 am, more preferably 
less than about several hundred A. in other words, in the previously described example, the etching of the stripe width 

55 can be formed with precision without adversely affecting the characteristics and without overetching the cladding layer, 
by selecting a material having a crystal mixing ratio s of Cd which gives an etching rate such that the etched thickness 
will be less than 0.1 urn, more preferably less than about several hundred A, i.e. less than about 100 to 1000 A, for 
etching of about 30 seconds to 2 minutes. 



39 



EP1 115 163 A1 



[0349] For example, the etched amounts of the aforesaid etching stopping layer 27 made of ZnO and Cd s Zn.,. s O 
having a crystal mixing ratio s of Cd being 0.1 and 0.2 were examined relative to the etching time with the aforesaid 8 
wt% NaOH solution. As a result, as shown in Fig. 38(a) , the etching rate was about 1/3 as compared with ZnO when 
s=0.1 , and the etching rate is further reduced to 1/3 (about 1/9 to 1/1 0 as compared with ZnO) when s=0.2. Therefore, 

5 it has been found out that, if 0.1 < s : it can be used sufficiently as an etching stopping layer and, since the band gap 
energy increases to enable forming a larger thickness according as the value of s decreases, even Cdj-Zn^O with s 
being smaller than 0.1 can sufficiently serve as an etching stopping layer in relation to the electric current constriction 
layer 17. Here, in view of the difference in the etching rate, the facility in forming a film., and others, the range of s is 
preferably 0<s<0.5, more preferably 0.1<s<0.3. 

10 [0350] After repeatedly making eager studies further, the inventors of the present invention have found out that, 
although Cd s Zn.,. s O is etched at about the same rate as ZnO by an acidic etchant such as H 2 S0 4 and is not used as 
an etching stopping layer, BeO is stable to both acidic and alkaline etchants and can be used sufficiently as an etching 
stopping layer whether the etchant is alkaline or acidic, by using Be^n^O obtained by forming mixed crystals of ZnO 
with Be as an etching stopping layer. Fig. 38(b) shows the relationship of the etched amounts of ZnO as previously 

15 described and Be t Zn-,_ t O when t=0.1 and 0.2, relative to the etching time with the use of a 6 wt% H 2 S0 4 as an etchant. 
As will be apparent from Fig. 38(b), it has been found out that the etched amount of ZnO is about the same as in the 
case of NaOH, that the etched amount of Be^n^O is a little larger if the crystal mixing ratio is the same as the crystal 
mixing ratio of Cd in Cd s Zn.,_ s O, and that the etched amount is almost the same as the etched amount of Cd s Zn.,. s O 
by increasing Ihe crystal mixing ratio of Be a little. In other words, in this case also, Be t Zn-,_ t O can be used as the 

20 etching stopping layer of the electric current constriction layer of a ZnO-based compound semiconductor, though it 
depends on the composition of the electric current constriction layer and the thickness of the etching stopping layer. 
Here, in view of the difference in the etching rate, the facility in forming a film, and others, the range of t is preferably 
0<t<0.5, more preferably 0.1<t<0.3. Here, similar effects have been produced with respect to 8 wt% NAOH solution. 
[0351] The aforesaid electric current constriction layer 17 made of a ZnO-basod compound semiconductor is made 

25 of Mg z Zn Vz O doped with a p-type dopant. This is based on the fact that, as previously described, a ZnO compound 
semiconductor is liable to generate oxygen defects and is liable to turn into n-type if grown as it is, but it becomes 
semiinsulated by being doped with a p-type dopant, thereby increasing the effect of inhibiting the electric current as 
compared with the case of forming it into n-type. The reason why the ZnO-based compound semiconductor becomes 
semiinsulated by being doped with a p-type dopant is due to the property that the ionization degree of the ZnO-based 

30 compound is large. For example, it seems that the dopant nitrogen atoms strongly repel each other by a Coulomb 
repulsion force, whereby the holes are localized at the position of N without spreading over the whole and merely 
cancel the n-type generated by oxygen defects or the like. For this reason, by introducing a p-type dopant in epitaxially 
growing an ordinary ZnO-based compound semiconductor, a semiinsulating i-type ZnO-based compound semicon- 
ductor is obtained, and an electric current constriction layer 17 is obtained that produces a far larger electric current 

35 blocking effect than forming it into an n-type layer. Here, as the p-type dopant, Group IA elements such as Li, Na : and 
K, and Group VB elements such as N, P, As, and Sb, for example, are preferable because they can be easily handled 
with. 

[0352] Each of the semiconductor layers in the light emitting layer forming portion 1 1 is made to have a composition 
similar to that of the previously described examples except that the p-type cladding layer is split into the first layer 6a 

40 and the second layer 6b, and the electric current constriction layer 1 7 is inserted therebetween, so that the explanation 
thereof will be omitted by denoting like parts with like reference numerals. Further, the substrate 1 and the buffer layer 
2 can also be made of various materials in the same manner as in the previously described examples, and the elec- 
trodes, the other semiconductor layers, and the production method are similar to those of the previously described 
examples. Here, by taking out the waferfrom the MBE apparatus afterthe semiinsulating Mg 2 Zn.,_ z O is grown, forming 

45 a resist film or the like on the surface Thereof, patterning the resist film by a photolithography technique, forming an 
opening in a shape of a desired electric current injection region, and performing an etching process using, for example, 
an etchant of NaOH with the resist film used as a mask, the electric current constriction layer 1 7 exposed at the opening 
portion of the aforesaid mask is etched to form, for example, a stripe groove 18. 

[0353] According to this example, since an etching stopping layer made of Cd s Zn-,. s O (0<s<1 ) or Be^n^O (0<t<1 ) 
50 having a smaller etching rate than a MgZnO-based one is disposed under the electric current constriction layer 1 7 of 
a semiconductor laser, an electric current injection region can be formed with precision in the electric current constriction 
layer without affecting the cladding layer and without affecting the electric characteristics such as oscillation efficiency 
by using an alkaline etchant in the case of Cd^n^O and by using an acidic or alkaline etchant in the case of Be^Zn^O . 
As a result, a semiconductor laser having high characteristics can be produced with the use of a ZnO-based compound 
55 semiconductor. 

[0354] According to this example : since an etching stopping layer is disposed, the side etching can be sufficiently 
carried out, so that the width of the electric current injection region such as a stripe groove disposed in the electric 
current constriction layer can be formed with good reproducibility and with high precision. As a result, a highly efficient 
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blue semiconductor laser using a ZnO-based compound semiconductor can be obtained. 

[0355] Figs. 40 to 43 show an example in which the light emitting layer forming portion is formed to have a MIS 
structure that can be produced with high yield through a simple production process. In other words, as previously 
described, if one wishes to realize a light emitting device using a ZnO-based compound semiconductor, it is difficult to 
5 obtain a p-type layer thereof, and it is difficult to control the carrier concentration thereof to be a high concentration, 
and also the yield decreases, whereby the light-emission characteristics are liable to be reduced and an extremely 
expensive product is liable to be produced. 

[0356] On the other hand, in the case of a ZnO-based compound semiconductor the bonding energy (binding energy) 
of its exciton (a pair of an electron and a positive hole bound by a Coulomb force) has an extremely large value of 60 

10 meV, which is larger than the heat energy 26 meV of room temperature. Therefore, excitons can exist stably even at 
room temperature. This exciton, once formed, easily generates a light quantum. Namely, the ZnO-based compound 
semiconductor emits light with good efficiency. For this reason, it is known in the art that the ZnO-based compound 
semiconductor emits light far more efficiently than the direct recombination light-emission in which a free electron and 
a free positive hole are directly recombined to emit light (for example, see "Fascination of Blue Light emitting Device" 

15 by Isamu Akazaki, pp. 50-60, (published by Kogyo Chosakai, May 1997)). 

[0357] The inventors of the present invention have repeatedly made eager studies in order to obtain a light emitting 
device using a ZnO-based compound semiconductor that can utilize the aforesaid highly efficient light-emission of the 
excitons. As a result, the inventors have found out that a ZnO-based compound will be insulated with certainty on the 
basis of its crystal structure if il is doped with a p-lype dopant by an ordinary method and thai, by suitably selecting its 

20 thickness, a highly efficient light-emission can be obtained by the aforesaid light-emission of the excitons through a 
simple production process without a special step for turning it into p-type, so that a high-output emission of light can 
be obtained by a sufficiently small electric current even with a MIS (metal-insulating layer-semiconductor layer) struc- 
ture. 

[0358] In other words, since the ionization degree of ZnO is large, it will be neartoZn + andO\ Therefore, as illustrated 
25 in Fig. 43, 0 (white circle) is stabilized right above Zn (black circle) by action of a Coulomb attraction force, so that the 
crystal structure is hexagonal (See, for example, Leading Device Material Handbook (edited by Electronic Data Com- 
munication Society, published by Ohm Co., Ltd,, 1993), chapter 2, Fundamentals of Device Materials, pp. 29-30). 
Because of such a crystal structure, if Li of Group IA, for example, enters the position of a black circle, the holes are 
localized at the position of Li and do not spread over the entire crystal because the interatomic distance is small and 
30 Li atoms repel each other by a strong Coulomb repulsion force. Therefore, even if a p-type dopant is introduced, it 
does not function as a dopant. On the other hand, ZnO is liable to generate oxygen (O) defects during the crystal 
growth, so that it is liable to turn into n-type even if a dopant is not introduced. For this reason, even if ZnO is doped 
with a p-type dopant, it merely cancels the n-type caused by the oxygen defects and. even if an excessive amount of 
a p-type dopant is introduced, it does not function as a p-type dopant, thereby providing an insulating layer. By this 
35 mechanism, ZnO can be insulated with certainty and also a highly efficient light emission can be obtained irrespective 
of a production method of whether in a hydrogen atmosphere or not, and irrespective of a production process such as 
a subsequent annealing treatment, unlike the case of GaN which does not easily turn into p-type because a p-type 
dopant such as Mg is liable to combine with hydrogen of a hydrocarbon group of an organic metal compound and does 
not function as a dopant. 

40 [0359] An oxide compound semiconductor LED according to a so-called MIS type structure includes an n-type layer 
3 made of an n-type ZnO-based compound semiconductor and disposed, for example, on a sapphire substrate 1 , an 
i-layer 25 made of a semiinsuiating ZnO-based compound semiconductor, and an electrically conductive layer 8 made, 
for example, of ITO and disposed on the surface of the i-layer 25, as illustrated in Fig. 40 showing a cross-sectional 
explanatory view of an example thereof. 

45 [0360] The n-type layer 3 is formed to have a thickness of about 1 to 3 jim, and an n-type ZnO layer can be easily 
obtained, for example, by growing ZnO while introducing Al or the like as a dopant. Further, the i-layer 25 is formed to 
have a thickness of aboul 0.05 to 0.3 um, and is obtained by growing ZnO while doping it with a p-type dopant such 
as Li. This is due to the following reason. If ZnO is grown without doping, it is liable to turn into n-type because of the 
aforesaid generation of oxygen (O) defects. Therefore, introduction of a p-type dopant cancels the n-type layer to form 

50 an insulating layer (i-layer). Even if ZnO is doped with a p-type dopant too much, it hardly functions as a p-type dopant 
and the insulating layer is maintained because of the special characteristics of the crystal structure caused by the 
attraction force between Zn + and O" due to the strong ionization degree of ZnO as described before. For this reason, 
the i-layer 25 can be obtained without paying too much attention to the doping amount. 

[0361] As the n-type dopant, Group MB elements are preferable besides the aforesaid Al, in view of the stabilization 
55 of the crystallization. However as described before, because of the property that ZnO-based compound semiconductor 
turn easily into n-type without being doped, it is possible to obtain an n-type layer of about 1 x 10 18 to 1 x 10 19 cm" 3 
without doping, so that an n-type dopant need not be used. Further, any of the Group IA, Group IB, and Group VB 
elements can be used as the p-type dopant. 
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[0362] As the electrically conductive layer 8, an electric conductor such as a metal is preferable so as to be capable 
of supplying an electric current. However for taking out light from the front surface, a material that transmits light 
therethrough is preferable. For example., a transparent conductive material such as ITO (indium tin oxide), indium 
oxide, or tin oxide is used. 

5 [0363] A method of manufacturing this LED will be explained with reference to concrete examples. First a substrate 
1 made of sapphire is washed with an organic solvent such as acetone or ethanol, rinsed with pure water then subjected 
to an acid treatment with a mixed liquid of phosphoric acid + sulfuric acid (mixing ratio = 1 :3) at 80°C : and then rinsed 
again with pure water. The sapphire substrate 1 thus subjected to these pretreatments is put into an MBE apparatus. 
Subsequently, a mixed plasma gas of H 2 + He is radiated onto the sapphire substrate 1 under a condition of 20 mTorr, 

10 and then the substrate temperature T s is raised to about 900°C for thermal cleaning for about 1 0 minutes. 

[0364] Afterthese pretreatments are finished, the substrate temperature T s is lowered to about 400 to 600°C. During 
this time, an 0 2 plasma is kept being radiated onto the substrate 1 so as to attain a partial pressure of 5 x 1 0* 8 to 1 x 
1 0" 4 Torr. By keeping this 0 2 plasma being radiated, the evaporation of O of the substrate 1 can be prevented. 
[0365] Next, while keeping the 0 2 plasma being radiated, the shutters of cells of Zn and A! are opened to grow an 

15 n-type layer 3 made of Al-doped ZnO to a thickness of about 1 to 3 ujm. Subsequently, the cell of Al is closed and a Li 
cell is opened to grow an i-layer 25 to a thickness of about 0.05 to 0.3 Jim, more preferably 0.08 to 0.1 urn The i-layer 
25 preferably has a thickness of this degree because too large a thickness increases the Joule heat due to its resistance 
when the element is energized for operation, whereas too small a thickness lets the n-type layer 3 and the i-side 
electrode 10 shorl-circuiled. 

20 [0366] Then, the wafer is taken out from the MBE apparatus, and a portion of the i-layer 25 is etched by forming a 
mask such as a photoresist to expose a portion of the n-type layer 3 for forming an n-side electrode. This etching can 
be carried out by dry etching such as RIE (reactive ion etching) or by wet etching using a sulfuric acid. Then, an ITO 
film 8 is formed to a thickness of about 0.05 to 0.2 jim on the surface of the i-layer 25 by sputtering or the like and, on 
the surface thereof, an i-sidc electrode 1 0 is formed to a thickness of about 0.05 to 0.2 ujn by vacuum vapor deposition 

25 of Ni/Au using the lift-off method. Further Ti/Au is formed to a thickness of about 0.1 to 0.2 u,m to form an n-side 
electrode 9 in the same manner by vacuum vapor deposition on the surface of the n-type layer 3 exposed by etching. 
[0367] The result of examination of the light-emission characteristics of the LED thus produced will be shown in Fig. 
42 in comparison with the LED produced with the MIS structure of GaN. In Fig. 42, the horizontal axis represents 
electric currents (mA), and the vertical axis represents brightness (millicandela). The broken line F shows an example 

30 of GaN, and the solid line G shows a LED having a MIS structure using a ZnObased compound semiconductor having 
a structure shown in Fig. 40. As will be apparent from Fig. 42, the LED using the ZnO-based compound semiconductor 
produces an extremely high brightness with the same electric current value, and a brightness of about 1 0% is obtained 
as compared with the brightness of a LED having a double heterojunction structure in which an active layer is sand- 
wiched between GaN-based p-type and n-type layers under the same condition, so that it has a sufficient practicability. 

35 [0368] Fig. 41 is a view showing another example of a MIS-structure LED using a ZnO-based compound semicon- 
ductor. This example is an example in which SiC is used as the substrate 1 , and the substrate 1 is pretreated by being 
washed with an organic solvent. This SiC substrate 1 is put into an MBE apparatus, and a thermal cleaning is carried 
out at about 900°C for about 1 0 minutes under a mixed plasma gas of H 2 + He in the same manner as in the previously 
described examples. If surface oxidation occurs in the SiC substrate 1 , the subsequent growth of ZnO will be difficult. 

40 Therefore, after the thermal cleaning, a Zn flux is radiated till the temperature is lowered to about 400 to 600°C. 

[0369] Thereafter, the shutters of a cell of 0 2 plasma and a cell of Al are opened in the same manner as-in the 
previously described examples to grow an n-type layer 3 made of n-type ZnO to a thickness of about 1 to 3 |im, and 
further an i-layer 25 is formed to a thickness of about 0.05 to 0.3 jam in the same manner as described before. Then, 
an ITO film 8 is formed on the surface thereof to a thickness of about 0.05 to 0.2 |im by sputtering or the like, and an 

45 n-side electrode 9 is formed by disposing Ti/Au to thicknesses of about 0.1 |im/0.2 urn, respectively, over the entire 
rear surface of the SiC substrate 1 by vacuum vapor deposition. Then, an i-side electrode 10 is formed by vacuum 
vapor deposition of Ni/Au to thicknesses of about 0.05 jxm/0.2 urn, respectively, on the front surface of the ITO film 8 
by the lift-off method, and the wafer is made into chips to produce a LED chip shown in Fig. 41 . 
[0370] In each of these examples, ZnO was used as the n-type layer 3 and the i-layer 25. However, mixed crystals 

50 with another Group II A or Group MB element such as Cd or Mg can also change the light-emission wavelength thereof 
and produces a similar MIS-type LED. Namely, by forming a mixed crystal, for example, with Cd, its band gap energy 
decreases to emit light of a longer wavelength, and by forming a mixed crystal with Mg, its band gap energy increases 
to emit light of a shorter wavelength. 

[0371] Further, in each of these examples, the i-layer was formed by doping with a p-type dopant. However, even if 
55 it is turned into p-type by doping with a p-type dopant, it does not raise any particular problem because light is emitted 
at a pn-junction. Therefore, in short, it is sufficient if a layer is formed in which a ZnO-based compound semiconductor 
is doped with a p-type dopant. 

[0372] According to this example, since a LED having a so-called MIS-type structure is formed by using a ZnO-based 
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compound semiconductor that is particularly likely to generate excitons, a highly bright blue LED can be obtained 
through a simple production process in which the grown semiconductor layers are kept as they are, without the need 
for a special process for controlling the carrier concentration. As a result, blue LEDs which are now extremely strongly 
needed can be supplied at an extremely low price and in a large amount. 

5 [0373] Further, the n-type layer can also be formed without doping, so that the control of the carrier concentration is 
easy and it can be produced without the use of a dopant, thereby further contributing to reduction in costs. 
[0374] Figs. 44 to 45 are cross-sectional explanatory views showing still another embodiment, where the p-type 
semiconductor layers are formed of GaN-based compounds., and the n-type layers are formed of ZnO-based com- 
pounds. Namely, as described before, it is difficult to obtain a p-type layer having a large carrier concentration with the 

10 use of a ZnO-based compound. On the other hand, since a GaN-based compound semiconductor is chemically ex- 
tremely stable, it must be grown at a high temperature, and cannot be subjected to wet etching. For this reason, an 
electric current constriction layer for defining an electric current injection region in an LD cannot be formed by burying 
it near the active layer. Furthermore, since a sapphire substrate is used as a substrate suitable for a GaN-based 
compound semiconductor and one electrode cannot be taken out from the rear surface of the substrate, it is necessary 

75 to expose a lower semiconductor layer having a different conductivity by etching the laminated GaN-based compound 
semiconductor layers by dry etching for connecting one electrode. 

[0375] Further in the case of a ZnO-based compound semiconductor, the bonding energy (binding energy) of its 
exciton (a pair of an electron and a positive hole bound by a Coulomb force) has an extremely large value of 60 meV, 
which is larger than the heat energy 26 meV of room temperature, as described before. Therefore, excitons can exist 

20 stably even at room temperature. This exciton, once formed, easily generates a light quantum. Namely, the ZnO-based 
compound semiconductor emits light with good efficiency. For this reason, it is known in the art that the ZnO-based 
compound semiconductor emits light far more efficiently than the direct recombination light-emission in which a free 
electron and a free positive hole are directly recombined to emit light (for example, see "Fascination of Blue Light 
emitting Device" by isamu Akazaki, pp. 50-60, (published by Kogyo Chosakai, May 1997)). 

25 [0376] Furthermore, a GaN-based compound semiconductor and a ZnO-based compound semiconductor have 
physical properties such that their band gap energies Eg and their lattice constants along the a-axis and the c-axis are 
extremely similar to each other, as shown in Table 4. For this reason, a composite of a GaN-based compound semi- 
conductor and a ZnO-based compound semiconductor is formed. 

30 Table 4 



Lattice Constant of ZnO and GaN 




Eg (eV) 


a-axis (A) 


c-axis (A) 


ZnO 


3.37 


3.2496 


5.2065 


GaN 


3.39 


3.160 


5.125 



[0377] A semiconductor light emitting device according to this example includes a light emitting layer forming portion 
11 disposed, for example, on a sapphire substrate 1 and forming a light emitting layer by lamination of compound 
semiconductor layers having at least an n-type layer 4 and a p-lype layer 6, as illustrated in Fig. 44 showing a cross- 
sectional view of an example thereof. Further, the n-type layer 4 is made of a ZnO-based compound semiconductor, 
and the p-type layer 6 is made of a GaN-based compound semiconductor. 

[0378] In the example shown in Fig. 44, the light emitting layer forming portion 11 has a double heteroiunction struc- 
ture in which an active layer 5 made of Cd x Zn 1 . x O (0<x<1 : for example, x=0.08) is sandwiched between an n-type 
cladding layer 4 made of MgyZn^yO (0<y<1, for example, y=0.15) and a p-type cladding layer 6d made of p-type 
Al a Ga 1 . a N (0<a<0.3, for example, a=0. 1 5), but it may have a heterojunction structure in which the n-type layer and the 
p-type layer are directly joined. In the example shown in Fig. 44, the p-type layer 6 includes a first p-type GaN iayer 
6c having a thickness of about 0.1 to 0.3 u,m, preferably about 0.1 jim, a cladding layer 6d made of p-type A^Ga^N 
and having a thickness of about 0.1 to 1 urn preferably about 0.5 urn, and a second p-type GaN layer 6e having a 
thickness of about 0.1 to 0.3 um, preferably about 0.1 um. The second p-type GaN layer 6e on the active layer 5 side 
is a layer for facilitating the formation of a later-mentioned p-side electrode 10 and, since this second layer 6e is thin, 
the AlgGa^aN layer 6d contributes to the effect of enclosing the carriers. Further the first p-type GaN layer 6c is 
interposed because, if an AIGaN layer is grown directly on a low temperature buffer layer 2, its crystallinity will be poor. 
Therefore, the first p-type GaN layer 6c may be InGaN. 

[0379] The active layer 5 is a layer that emits light by recombination of carriers, and its band gap energy determines 
the wavelength of the emitted light, so that a material having a band gap energy corresponding to the wavelength of 
the light to be emitted is used to form, for example, a single active layer having a thickness of about 0.1 um. The band 
gap energy of Cd x Zn-,_ x O decreases'according as the value of x increases. For example, in order to emit light having 
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a wavelength of about 400 nm, the value of x is preferably about 0.08. The active layer 5 is preferably non-doped in 
order to avoid formation of a non-light emitting recombination center. 

[0380] The n-type layer (n-type cladding layer) 4 as well as the p-type layer 6 (p-type cladding layer 6d) are formed 
to have a larger band gap energy than the active layer 5 and to produce an effect of enclosing the carriers within the 
5 active layer 5 effectively. In this example, the n-type (cladding) layer 4 is made of a ZnO-based compound, specifically 
MgyZn-j.yO (0<y< 1 , for example : y=0. 1 5) : and is formed to a thickness of, for example, about 2 urn The p-type cladding 
layer 6d is made of ALjGa^N (for example, a=0.15). 

[0381] In the example shown in Fig. 44, a buffer layer 28 made of n-type ZnO is formed as a thin layer having a 
thickness of about 1 00 to 1 000 A, preferably about 1 00 to 300 A, between the p-type layer 6 (second p-type GaN layer 

10 6e) and the active layer 5. This is due to the following reason. The p-type layer 6 is a GaN-based compound semicon- 
ductor and the active layer 5 is a ZnO-based compound semiconductor. Generally, it is known in the art that, if heter- 
ogeneous materials are joined, an interface level is generated to produce an adverse effect on the light emitting layer. 
For this reason, a buffer layer is disposed so as to avoid direct heterogeneous joining of the active layer, thereby to 
prevent the adverse effect on the light emitting layer. Therefore, the buffer layer may be made of a ZnO-based compound 

15 semiconductor which is homogeneous with the active layer 5 and which is a material having a larger band gap energy 
than the active layers, instead of ZnO. 

[0382] The substrate 1 may be, for example, a sapphire substrate, and a low temperature buffer layer 2 made of 
GaN and formed at a low temperature is disposed -thereon to a thickness of about 0.01 to 0.2 jim. The substrate 1 is 
not limited lo sapphire alone, and may a substrate such as ZnO, GaN, or SiC. Referring to Fig. 44, if the substrate 1 
20 is insulating, one electrode is disposed on a semiconductor layer exposed by etching a portion of the laminated sem- 
iconductor layers and having an opposite conductivity type to the front surface side. However, in the present invention, 
since the n-type layer 4 is a ZnO-based compound semiconductor layer, it can be etched by wet etching, and an 
electrode can be easily formed even if an insulating substrate is used. 

[0383] Further, the low temperature buffer layer 2 is a layer for alleviating the mismatch based on the difference of 
25 the lattice constants or the like between the GaN-based compound semiconductor layer to be grown and the substrate 
1 and, by being formed at a low temperature, it serves to grow the GaN-based compound semiconductor grown thereon 
with good crystallinity. This low temperature buffer layer 2 is not limited to GaN alone, and may be formed of AIN, 
AIGaN, ZnO, or the like at a low temperature. If the substrate 1 is an electrically conductive substrate and an electrode 
is taken out from its rear surface, it is necessary to form the buffer layer 2 to have the same conductivity type as the 
30 substrate 1 . However, if the substrate 1 is insulating, the buffer layer 2 may be insulating like AIN, or may be of either 
conductivity type. 

[0384] A transparent electrode 8 made, for example, of ITO is formed on the surface of the n-type layer 4, and an 
n-side electrode 9 made, for example, of Au is formed thereon by vacuum vapor deposition and patterning or the lift- 
off method. Further, a p-side electrode 10 made, for example, of a laminate structure of Ti/Ni is formed by vacuum 
35 vapor deposition and patterning or the lift-off method on the p-type layer (second GaN layer 6e) exposed by removing 
a portion of the laminated n-type layer 4, active layer 5, and buffer layer 28 by wet etching. The wafer is then made 
into chips to produce a LED chip such as shown in Fig. 44. 

[0385] A production method of this LED will be explained with reference to concrete examples. First, a substrate 1 
made of sapphire is washed with an organic solvent such as acetone or ethanol, rinsed with pure water, then subjected 
40 to an acid treatment with a mixed liquid of phosphoric acid + sulfuric acid (mixing ratio = 1 :3) at 80°C, and then rinsed 
again with pure water. The sapphire substrate 1 thus subjected to these pretreatments is put into an MOCVD (metal 
organic chemical vapor deposition) apparatus, and the substrate temperature T s is raised to about 1050°C in a H 2 
atmosphere for thermal cleaning for about 1 0 minutes. 

[0386] After these pretreatments are finished, the substrate temperature T s is lowered to about 600°C , and then 
45 trimethylgallium (TMG) and ammonia gas (NH 3 ), which are reaction gases, are introduced together with a carrier gas 
H 2 to form a film of a buffer layer 2 made of p-type GaN to a thickness of about 0.01 to 0.2 u, m. Then, cyciopentadienyl 
magnesium (Cp 2 Mg), which is a p-lype dopant gas, is introduced, and the subslrale temperature is raised lo about 
1 000°C to form a first p-type GaN layer 6c doped with Mg, to a thickness of about 0.1 to 0.3 jim. Further, trimethyla- 
luminum (TMA), which is a reaction gas, is introduced to form a p-type Al a Ga Va N (for example, a=0.15) layer 6d to a 
50 thickness of about 0.1 to 1 urn, and further the reaction gas TMA is stopped to form a second p-type GaN layer 6e to 
a thickness of about 0.1 to 0.3 um thereby to form a p-type layer 6. Thereafter, the growth is stopped for a time, and 
an annealing treatment is carried out at about 600 to 800°C under an N 2 atmosphere to activate the p-type dopant to 
turn the layers into p-type. 

[0387] Next, the substrate 1 having the p-type layer 6 grown thereon is put into an MBE apparatus, and the substrate 
55 temperature is raised to about 700°C for thermal cleaning. Then, the substrate temperature is lowered to about 300 
to 600°C : and Zn and plasma oxygen are radiated from sources together with an n-type dopant Al to grow n-type ZnO 
to a thickness of about 1 00 to 1 000 A as a buffer layer 28. Then, the substrate temperature is raised to about 200 to 
400°C, and a source of Cd is opened to grow an active layer 5 made of Cd^n^O (for example, x=0.08) to a thickness 
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of about 0.1 um Further the substrate temperature is set to be about 300 to 600°C ; and a cell of Mg is opened instead 
of the cell of Cd to grow an n-type cladding layer 4 made of Mg y Zn-|_ y O (for example. y=0.15) to a thickness of about 
0.5 |im. 

[0388] Thereafter a portion of the laminated ZnO-based compound semiconductor layers is etched with an H 2 S0 4 - 
5 based solution to expose the second p-type GaN layer 6e. During this etching, the second p-type GaN layer 6e is not 
etched at all., so that it is possible to selectively etch only the ZnO-based compound semiconductor layers. Then, an 
ITO electrode 8 is formed to a thickness of about 0.05 to 0.2 jjun by vapor deposition or the like on the surface of the 
n-type layer 4. Further, an n-side electrode 9 is formed by patterning vapor deposition of Au by the lift-off method or 
the like on the surface of the ITO electrode 8. Furthermore, a p-side electrode 10 is formed by patterning vapor dep- 
10 osition of Ni/Ti in the same manner on the surface of the second p-type GaN layer 6e which is exposed by the aforesaid 
etching. Then, the wager is made into chips to produce a LED chip shown in Fig. 44. 

[0389] According to this example, since the p-type layer is made of a GaN-based compound semiconductor and the 
active layer and the n-type layer are made of ZnO-based compound semiconductor a p-type layer can be formed with 
a GaN-based compound semiconductor in lieu of a ZnO-based compound semiconductor that cannot be turned easily 
15 into a p-type layer. Therefore, a highly efficient light emission utilizing excitons can be obtained in a pn-junction electric 
current injection type. Further, even if semiconductor layers are laminated on an insulating substrate and one electrode 
is formed on a semiconductor layer exposed by etching a portion of the laminate, the etching process can be easily 
carried out by etching the ZnO-based compound-semiconductor. 

[0390] Furthermore, since an n-lype ZnO-based compound semiconductor layer having a larger band gap energy 
20 than the active layer is interposed between the p-type GaN-based compound semiconductor layer and the active layer, 
it acts as a buffer layer, so that the active layer need not be directly joined with a heterogeneous material, thereby 
avoiding the influence of the interface level caused by the heterogeneous material on the light emitting layer. In this 
case, since the intervening buffer layer is extremely thin, the holes from the p-type GaN-based compound semicon- 
ductor pass through the buffer layer to be injected into the active layer and form a pn-junction oven if the buffer layer 
25 is n-type. 

[0391] In this example, the p-type GaN-based compound semiconductor was grown by the MOCVD apparatus, and 
the ZnO-based compound semiconductor was grown by the MBE apparatus. However, the ZnO-based compound 
semiconductor also can be grown successively by the MOCVD apparatus in the same manner. In this case, it is possible 
to use dimethylzinc (DMZn) as an organic metal compound of Zn, dimethylcadmium as a reaction gas of Cd, Cp 2 Mg 
30 as a reaction gas of Mg, TMA as an n-type dopant gas. and plasma oxygen as a reaction gas of oxygen. Further, the 
semiconductor layers may be grown by the MBE apparatus stating from the first GaN-based compound semiconductor. 
In this case, Ga and plasma nitrogen are used as sources. 

[0392] Further, this example was directed to an example of LED. However, even in the case of an LD, by forming 
the p-type layer with the use of a GaN-based compound semiconductor and forming the active layer and the n-type 

35 layer with the use of ZnO-based compound semiconductor, the light-emission efficiency can be increased and the 
electric current injection region can be narrowed by a simple process of wet etching, in the same manner. In this case, 
the light emitting layer forming portion is a little different. For example, the active layer 1 5 is preferably formed to have 
a multiple quantum well structure obtained by alternate lamination of barrier iayers and well layers made of non-doped 
Cd 0 03 Zn 0 97 O/Cd 0 2 Zn 0 8 0 to thicknesses of 50 A and 40 A, respectively, each in two to five layers. Further, if the 

40 active layer 15 is thin and the light cannot be sufficiently enclosed within the active layer 15, an optical wave guide 
layer made, for example, of ZnO is disposed on both sides of the active layer. Further the transparent electrode made 
of ITO is not needed, and the light emitting device is formed to have a structure defining an electric current injection 
region by directly forming the p-side electrode 10 in patterned stripes, etching an upper portion of the semiconductor 
layers into a mesa-type shape, or burying an electric current constriction layer. In the present invention, by forming an 

^5 upper portion of the semiconductor laminate section into ZnO-based compound semiconductor layers, they can be 
easily etched by wet etching. Therefore, the light emitting device can be formed into a mesa-type shape without giving 
an influence on the active layer, and also the electriccurrent constriction layer can be formed of a ZnO-based compound 
semiconductor and built near the active layer. Fig. 45 shows an example in which an LD chip is formed by constructing 
a mesa-type shape. 

50 [0393] In order to produce an LD chip having a mesa-type structure shown in Fig. 45, a low-temperature buffer layer 
2 is grown on a substrate 1 , and a first p-type GaN layer 6c, a cladding layer 6d made of an AIGaN-based compound, 
and a second p-type GaN layer 6e serving as an optical wave guide layer arc successively grown to form a p-type 
layer 6, as described before, and an annealing treatment is carried out in the same manner as described before. Then, 
a buffer layer 28 made of n-type ZnO and an active layer 15 having the aforesaid multiple quantum well structure are 

55 grown in an MBE apparatus, and an n-type optical wave guide layer 16 made of p-type ZnO and having a thickness 
of about 0.05 u.m and an n-type cladding layer 4 made of n-type MgyZn^yO (for example, y=0.1 5) and having a thickness 
of about 0.5 um are grown thereon. Then, a contact layer 3 made of n-type ZnO is grown to a thickness of about 0.3 
to 0.5 |im. Thereafter, the substrate 1 is taken out from the MBE apparatus and. with a resist mask formed on the front 
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surface, a portion of the laminated ZnO-based compound semiconductor layers is etched with an H 2 S0 4 -based solution 
to expose the second p-type GaN layer 6e. This etching is carried out for defining (narrowing) an electric current 
injection region, and the etching is carried up to the active layer 15 in accordance with the width of the electric current 
injection region to be formed in the active layer 15. However as previously described, the etching stops selectively on 
5 the surface of the p-type layer 6 (second GaN layer 6e). Then, an n-side electrode 9 and a p-side electrode 10 are 
formed as in the previously described examples, and the wafer is made into chips to produce an LD chip having a 
structure shown in Fig. 45. Here, in forming chips, a better mirror edge surface is obtained if a light emitting surface is 
formed by dry etching. Here, if the substrate is made of GaN, SiC, or the like instead of sapphire, the wafer can be 
cleaved. 

10 [0394] Here, in the production of this LD, all the semiconductor layers can be grown either by an MOCVD apparatus 
or an MBE apparatus alone. Also, the example of each semiconductor is merely an example, so that for example GaN 
or the like may be used in place of AIGaN, and materials having a crystal mixing ratio to give a suitable band gap 
energy can be used by selection among the range of GaN-based compound semiconductor and ZnO-based compound 
semiconductor. Further, if the p-type layer is grown in the MBE apparatus, it can be turned into p-type as it is in a grown 

15 state without an annealing treatment after the growth of the p-type layer because a p-type dopant does not combine 
with H at the time of growth. Further, in the case of growing an n-type ZnO-based compound semiconductor layer, an 
n-type layer can be obtained without doping it with an n-type dopant such as Ga or Al. However, it is preferable to 
introduce an n-type dopant because then the carrier concentration can be easily controlled. 

[0395] According to this example, since a semiconductor light emitting device is formed by heterogeneous joining 
20 using a GaN-based compound semiconductor and a ZnO-based compound semiconductor, a p-type layer can be 
obtained with the use of the GaN-based compound semiconductor while utilizing the high light-emission efficiency and 
the facility in wet etching of the ZnO-based compound semiconductor, whereby pn-junction type electric current injection 
light emission can be made. As a result, a highly efficient light emission can be made, and the etching for forming an 
electrode and the etching of semiconductor layers for defining an electric current injection region of an LD can be easily 
25 carried out, thereby simplifying the production process with reduced costs and manufacturing a blue semiconductor 
light emitting device being excellent in light-emission characteristics. Particularly, a blue LED can be easily obtained 
with a low threshold voltage and with a large output. 

[0396] Here, in the figures shown in each of the previously described examples, the substrate 1 is abbreviated and 
drawn thin, although the substrate 1 actually has a thickness more than several ten times as compared with other 
30 layers. The thicknesses of some of the other semiconductor layers are drawn partially in exaggeration for explanation, 
so that they do not represent the exact thicknesses. 

INDUSTRIAL APPLICABILITY 

35 [0397] According to the present invention, a blue LED or LD can be realized with the use of a ZnO-based compound 
semiconductor that can be easily handled with. As a result, it can be used as a full-color display, a light source of a 
signal lamp or the like, a laser light source that continuously oscillates at room temperature for a highly fine next- 
generation DVD, or the like. 

40 

Claims 

1 . A semiconductor light emitting device comprising: 

45 a substrate, and 

a light emitting layer forming portion disposed on said substrate so that an active layer that emits light by 
electric current injection is sandwiched between n-type and p-type cladding layers made of materials having 
a larger band gap than said active layer, 

wherein said active layer is made of an oxide compound semiconductor containing at least one of Cd and Zn. 

50 

2. The semiconductor light emitting device of claim 1 , wherein said cladding layers are made of ZnO-based oxide 
compound semiconductor. 

3. The semiconductor light emitting device of claim 1, wherein said cladding layers are made of Group III nitride 
55 compound semiconductor. 

4. The semiconductor light emitting device of claim 1 , 2 or 3, wherein said active layer is made of Cd x Zn.,_ x O (0<x<1). 
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5. A semiconductor light emitting device comprising: 

an active layer that emits light by electric current injection, and 

cladding layers made of materials having a larger band gap than said active layer, said cladding layers sand- 
5 wiching said active layer from both sides thereof, 

wherein said cladding layers are made of oxide compound semiconductor containing Zn or Mg and Zn. 

6. The semiconductor light emitting device of claim 5 ; wherein said cladding layers are made of MgyZn^O (0<y<1 ). 

10 7. The semiconductor light emitting device of claim 1 , 2, 3 ; 4, 5 or 6, wherein the substrate on which said cladding 
layers and said active layer are laminated is one kind selected from the group consisting of GaN, Si having SiC 
formed thereon, single crystal SiC ; and sapphire. 

8. The semiconductor light emitting device of claim 1 , 2. 3, 4, 5 : 6 or 7, wherein said active layer is a single quantum 
15 well structure or a multiple quantum well structure. 

9. A semiconductor laser comprising: 

an active layer that emits light by electric current injection, and 
20 n-type and p-type cladding layers made of materials having a larger band gap than said active layer and 

sandwiching said active layer from both sides thereof, 

wherein said active layer is made of Cd^n^O (0<x<1 ), said cladding layers are made of Mg y Zn.|_ y O (0<y<1 ), 
and an internal electric current constriction layer is built therein. 

25 10. A method of narrowing a band gap of a ZnO compound semiconductor by forming a solid solution of CdO and 
ZnO to make a mixed crystal having a general formula represented by Cd x Zn.|. x O (0<x<1 ) to reduce the band gap 
of ZnO. 

1 1 . The semiconductor light emitting device of claim 1 , wherein said active layer is made of a bulk layer of Cd x Zn 1 . x O 
30 (0<x<1) or a quantum well structure constructed with a composition modification of Cd^n^O (0<x<1), and a 

stress-alleviating layer is disposed on at least one side of said n-type cladding layer side and said p-type cladding 
layer side of said active layer so as to be in contact with said active layer, said stress-alleviating layer being made 
of a material having a larger band gap than said active layer and having a composition with approximately the 
same lattice constant as a material of the composition located on the outermost side of said active layer on said 
35 at least one side. 

12. The semiconductor light emitting device of claim 11 , wherein said stress-alleviating layer is made of Mg w Zn.j. w O 
(0<w<1), and said cladding layers are made of oxide compound semiconductor containing Mg and Zn. 

40 13. A semiconductor laser comprising: 

an active layer that emits light by electric current injection, and 

n-type and p-type cladding layers made of materials having a larger band gap than said active layer and 
sandwiching said active layer from both sides thereof 
45 wherein said active layer is made of a quantum well structure constructed with a composition modification of 

Cd x Zn.,_ x O (0<x<1), and a stress-alleviating layer is disposed on at least one side of said n-type cladding layer 
side and said p-type cladding layer side of said aclive layer so as Lo be in contact with said active layer said 
stress-alleviating layer being made of Mg w Zn 1 . w O (0<w<1 ) having a composition with approximately the same 
lattice constant as the composition located on the outermost side of said active layer on said at least one side. 

50 

14. The semiconductor laser of claim 13, wherein said cladding layers are made of Mg y Zn-,. y O (0<y<1), and an optical 
wave guide layer is disposed between said stress-alleviating layer and said n-type or p-type cladding layer. 

15. The semiconductor light emitting device of claim 4. wherein a low-temperature ZnO layer is disposed at least on 
55 said active layer side between said active layer and an upper cladding layer. 

16. The semiconductor light emitting device of claim 15, wherein said low-temperature ZnO layer is disposed to have 
a thickness from 100 to 1000 A. 
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17. A method of manufacturing a ZnO-based compound semiconductor light emitting device in which an active layer 
made of a ZnO-based compound semiconductor containing Cd is sandwiched between cladding layers made of 
ZnO-based compound semiconductor comprising the steps of 

growing said active layer made of said ZnO-based compound semiconductor containing Cd ; 

growing a Cd-evaporation-preventing layer made of ZnO at approximately the same low temperature as the 

growth temperature of said active layer and 

growing a ZnO-based compound semiconductor layer at a high temperature. 

18. A semiconductor light emitting device comprising: 

a sapphire substrate, 

a buffer layer made of an Al 2 0 3 film disposed on said sapphire substrate., and 

a light emitting layer forming portion made of ZnO-based compound semiconductor disposed on said buffer 
layer said light emitting layer forming portion including at least n-type and p-type layers to form a light emitting 
layer. 

1 9. The semiconductor light emitting device of claim 1 8, wherein said light emitting layer forming portion has a double 
heterojunclion structure in which an active layer made of Cd^n^O (0<x<1) is sandwiched between n-lype and 
p-type cladding layers made of MgyZn^O (0<y<1). 

20. A method of manufacturing a semiconductor light emitting device comprising the steps of: 

depositing an Al 2 0 3 film at a low temperature on a sapphire substrate, 

raising the temperature of said sapphire substrate to a temperature such that single crystals can be grown, and 
growing a light emitting layer forming portion which is made of ZnO-based compound semiconductor and 
comprises a first conductivity type layer and a second conductivity type layer to form a light emitting layer 

21 . A semiconductor light emitting device comprising: 

a substrate, and 

a semiconductor laminate section disposed on said substrate and made of oxide compound semiconductor 
layers and including a light emitting layer forming portion, 

wherein an oxide thin film containing Zn is disposed as a buffer layer on a front surface of said substrate at a 
lower temperature than a temperature of growing semiconductor layers of said semiconductor laminate section 
and is interposed between said substrate and said semiconductor laminate section. 

22. The semiconductor light emitting device of claim 21 , wherein said buffer layer is formed to have a thickness of 20 
to 200 nm by an MBE method, an MOCVD method, or a plasma CVD method between 1 00 and 300°C. 

23. A method of manufacturing a semiconductor light emitting device comprising the steps of: 

forming a non-crystalline or poiycrystalline oxide thin film containing Zn on a substrate by a sputtering method, 
a vacuum vapor deposition method, or a laser ablation method, 

putting said substrate into an apparatus for epitaxial growth of semiconductor layers and raising a substrate 
temperature to a growth temperature, and 

laminating an oxide compound semiconductor layer to form a light emitting layer forming portion. 

24. A semiconductor light emitting device comprising: 

a substrate, and 

a semiconductor laminate section including a light emitting layer forming portion made of compound semicon- 
ductor layers disposed on said substrate and having n-type and p-type layers to form a light emitting layer 
wherein a buffer layer is disposed between said substrate and said semiconductor laminate section, said buffer 
layer being made of a material having a thermal expansion coefficient larger than the thermal expansion co- 
efficient of an epitaxial growth layer at the lowermost layer of said semiconductor laminate section and smaller 
than the thermal expansion coefficient of said substrate. 
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25. The semiconductor light emitting device of claim 24, wherein said substrate is made of a sapphire substrate: 
wherein the epitaxial growth layer of said lowermost layer is made of a ZnO-based compound semiconductor; and 
wherein said buffer layer is a compound semiconductor having a wurtzite structure. 

5 26. The semiconductor light emitting device of claim 25, wherein said buffer layer is made of AlpGa^N (0<p<1 ). 

27. A semiconductor light emitting device comprising: 

a substrate. 

10 a reflective film for reflecting light from a front surface side of said substrate, and 

a semiconductor laminate section, 

wherein said reflective film is laminated by an even number of dielectric films or semiconductor films having 
different refractive indices with a thickness of X/(4n) (n is a refractive index of the dielectric film or the semi- 
conductor film, and X is a light emission wavelength) on said substrate so that a layer having a smaller refractive 
? 5 index and a layer having a larger refractive index are alternately laminated in this order; and 

wherein, in said semiconductor laminate section, semiconductor layers are laminated on said reflective film 
to form a light emitting layer. 

28. The semiconductor light emitting device of claim 27, wherein a buffer layer made of oxide containing Zn and formed 
20 at a low temperature is disposed on said reflective film; and wherein said semiconductor laminate section is formed 

by lamination of oxide compound semiconductor on said buffer layer. 

29. The semiconductor light emitting device of claim 28. wherein said buffer layer is formed by forming a non-crystalline 
or polycrystalline oxide thin film containing Zn by a sputtering method, a vacuum vapor deposition method, or a 

25 laser ablation method, and said semiconductor laminate section is formed by lamination of a ZnO-based compound 

semiconductor on said buffer layer. 

30. A ZnO-based compound semiconductor light emitting device comprising: 

30 a substrate; and 

a light emitting layer forming portion disposed on said substrate and forming a light emitting layer by lamination 
of ZnO-based compound semiconductor having at least an n-type layer wherein an n-side electrode disposed 
in contact with said n-type layer of said ZnO-based compound semiconductor is formed so that a portion of 
said n-side electrode which is in contact with said n-type layer is formed of Ti or Cr, said portion not containing 

35 Al. 

31 . The semiconductor light emitting device of claim 30, wherein a layer containing Ti and Al is disposed on said layer 
of Ti or Cr. 

32. The semiconductor light emitting device of claim 31 , wherein said Ti and Al are formed into an alloy by an annealing 
treatment after said layer containing Ti and Al is formed. 

33. A method of growing a p-type ZnO-based compound semiconductor wherein a ZnO-based compound semicon- 
ductor is epitaxially grown by introducing a Group !A element as a p-type dopant while introducing a Group VIIB 

45 element as a buffering agent in epitaxially growing the ZnO-based compound semiconductor. 

34. The growth method of claim 33, wherein al least one kind of element selected from the group consisting of Li, Na, 
K ; and Rb is used as said Group IA element; and wherein at least one kind of element selected from the group 
consisting of F, CI, Br, and I is used as said Group VIIB element. 

50 

35. The growth method of claim 33 or 34, wherein the molar number of said introduced Group IA element is larger 
than the molar number of said Group VIIB element. 

36. A method of growing a p-type ZnO-based compound semiconductor wherein a ZnO-based compound semicon- 
55 ductor is epitaxially grown by introducing a Group VB element as a p-type dopant while introducing a Group IIIB 

element as a buffering agent in epitaxially growing said ZnO-based compound semiconductor. 

37. The growth method of claim 36, wherein at least one kind of an element selected from the group consisting of N, 



49 



EP1 115 163 A1 



P, As, and Sb is used as said Group VB element and wherein at least one kind of an element selected from the 
group consisting of B, Al, Ga, In, andTI is used as said Group IIIB element. 

38. The growth method of claim 36 or 37, wherein the molar number of said introduced Group VB element is larger 
5 than the molar number of said Group 1MB element. 

39. A semiconductor light emitting device comprising: 

a substrate, and 

10 a light emitting layer forming portion made of ZnO-based compound semiconductor layers disposed on said 

substrate and forming a light emitting layer with an n-type layer and a p-type layer, wherein said p-type layer 
contains an element capable of becoming an n-type dopant as a buffering agent. 

40. A method of growing a p-type compound semiconductor by vapor deposition in which a p-type compound semi- 
15 conductor layer is epitaxially grown by an MOCVD method, wherein said p-type compound semiconductor layer 

is formed by alternately repeating a step of growing a thin film of compound semiconductor layer by introducing a 
reaction gas for said p-type compound semiconductor layer into a growth apparatus and a step of carrying out a 
doping process by introducing a p-type dopant gas. 

20 41 . A growth method of claim 40, wherein said reaction gas for growing said thin film is purged after the step of growing 
said thin film of compound semiconductor layer; and thereafter said dopant gas is introduced for carrying out said 
doping process. 

42. The growth method of claim 40 or 41 , wherein only an organic metal materia! is used as the reaction gas for growing 
25 said semiconductor layer. 

43. The growth method of claim 41 , wherein nitrogen or a rare gas of Group 0 is introduced into said growth apparatus 
for purging said reaction gas. 

30 44. A method of growing a compound semiconductor by vapor deposition in which a p-type compound semiconductor 
layer is epitaxially grown by an MOCVD method, wherein, as a p-type dopant gas, a material having a structure 
such that elements of said dopant are not directly bonded to hydrogen atoms is used. 

45. A method of growing single crystals of an oxide compound semiconductor in which said single crystals of said 
35 oxide compound semiconductor are grown on a substrate by introducing a dopant element and oxygen in a plasma 

state, wherein said single crystals of said oxide compound semiconductor are grown while removing or deviating 
charged particles generated in said plasma so that said charged particles will not be radiated directly onto said 
substrate. 

40 46. The method of claim 45, wherein removal or deviation of said charged particles is carried out by applying an electric 
field and/or a magnetic field, and 

wherein crystals of a ZnO-based compound semiconductor are grown as said oxide compound semicon- 
ductor. 

45 47. An apparatus for growing a compound semiconductor comprising: 
a main chamber, 

a substrate holder disposed in said main chamber 

a cell group disposed to be capable of radiating elements constituting the compound semiconductor towards 
so a substrate held by said substrate holder, and 

a plasma source for radiating a plasma, 

wherein an electromagnetic field applying apparatus for applying an electric field and/or a magnetic field is 
v disposed at least at a radiation outlet for radiating said plasma of said plasma source. 

55 48. A ZnO-based compound semiconductor light emitting device comprising: 

a substrate, and 

a light emitting layer forming portion that forms a light emitting layer by lamination of a ZnO-based compound 
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semiconductor layer disposed on said substrate, 

wherein said ZnO-based compound semiconductor layer contains C element. 

49. A semiconductor light emitting device of claim 48, wherein said C element is C of an organic metal compound 
5 used as a Zn material in growing said ZnO-based compound semiconductor layer. 

50. A method of manufacturing a ZnO-based compound semiconductor light emitting device in which a ZnO-based 
compound semiconductor layer is laminated on a substrate to form a light emitting layer, wherein said ZnO-based 
compound semiconductor is epitaxially grown on said substrate by radiating an organic metal compound of Zn as 

10 a Zn material of said ZnO-based compound onto a front surface of said substrate for reaction on said substrate 

surface. 

51 . A semiconductor laser comprising: 

? 5 a substrate, a first cladding layer disposed on said substrate and made of a first conductivity type semicon- 

ductor, 

an active layer disposed on said first cladding layer, 

a second cladding layer disposed on sard 'active layer and made of a second conductivity type semiconductor, 
and 

20 an electric current constriction layer disposed in the inside of or in the vicinity of said second cladding layer. 

wherein said electric current constriction layer is made of a ZnO-based compound semiconductor doped with 
a Group IA or Group VB element. 

52. A semiconductor laser of claim 51 , wherein said first cladding layer, said active layer, and said second cladding 
25 layer are made of ZnO-based or GaN-based compound semiconductor. 

53. The semiconductor laser of claim 51 or 52, wherein said electric current constriction layer is made of Mg^Zn^O 
(0<z<1). 

30 54. A semiconductor laser comprising: 
a substrate, 

a first cladding layer disposed on said substrate and made of a first conductivity type semiconductor, 
an active layer disposed on said first cladding layer, 
35 a second cladding layer disposed on said active layer and made of a second conductivity type semiconductor, 

and 

an electric current constriction layer disposed in the inside of or in the vicinity of said second cladding layer 
and made of Mg^n^O (0<z<1), 

wherein an etching stopping layer made of CdgZn^O (0<s<1) or Be^n^O (0<t<1) is disposed on said sub- 
40 strate side of said electric current constriction layer. 

55. A method of manufacturing a semiconductor laser comprising the steps of: 

growing a first conductivity type cladding layer an active layer, and a second conductivity type lower cladding 
45 layer made of ZnO-based compound semiconductor on a substrate, 

growing an etching stopping layer made of Cd s Zn 1 . s O (0<s<1) and an insulating or first conductivity type 
electric current constriction layer made of Mg^n Vz O (0<z<1 ) on said second conductivity type lower cladding 
layer, 

etching said electric current constriction layer with an alkali solution to form an electric current injection region, 
50 and 

growing a second conductivity type upper cladding layer made of a ZnO-based compound semiconductor. 

56. A method of manufacturing a semiconductor laser comprising the steps of: 

55 growing a first conductivity type cladding layer, an active layer, and a second conductivity type lower cladding 

layer made of ZnO-based compound semiconductor on a substrate, 

growing an etching stopping layer made of Be^n^O (0<t<1) and an insulating or first conductivity type electric 
current constriction layer made of Mg z Zn 1 . z O (0<z<1 ) on said second conductivity type lower cladding layer, 
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etching said electric current constriction layer with an acidic or alkaline etchant to form an electric current 
injection region, and 

growing a second conductivity type upper cladding layer made of a ZnO-based compound semiconductor. 

5 57. An oxide compound semiconductor light emitting diode comprising: 

an n-type layer made of an n-type ZnO-based compound semiconductor 

an Mayer made of a semiinsulating ZnO-based compound semiconductor and 

an electrically conductive layer disposed on a front surface of said i-layer. 

10 

58. An oxide compound semiconductor light emitting diode comprising: 

an n-type layer made of an n-type ZnO-based compound semiconductor 

a doped layer in which a ZnO-based compound semiconductor layer is doped with at least one kind of element 
*5 selected from the group consisting of Group IA, Group IB, and Group VB elements, and 

an electrically conductive layer disposed on a front surface of said doped layer. 

59. The semiconductor light emitting diode of claim 58, wherein said n-type layer is doped with a Group NIB element. 
20 60. A semiconductor light emitting device comprising: 

a substrate, and 

a light emitting layer forming portion disposed on said substrate and forming a light emitting layer by lamination 
of compound semiconductor layers having at least an n-typc layer and a p-type layer, wherein said n-type 
25 layer is made of a ZnO-based compound semiconductor; and 

wherein said p-type layer is made of a GaN -based compound semiconductor. 

61. The semiconductor light emitting device of claim 60 : wherein an active layer made of Cd^n^O (0<x<0.5) is 
disposed between said n-type layer and said p-type layer. 

30 

62. The semiconductor light emitting device of claim 61 , wherein an n-type ZnO-based compound semiconductor layer 
made of a material having a larger band gap energy than said active layer is disposed between said active layer 
and said p-type layer. 

35 63. A semiconductor light emitting device comprising: 

an insulating substrate, 

a light emitting layer forming portion formed of a p-type layer disposed on said insulating substrate and made 
of a GaN-based compound semiconductor and an n-type layer disposed on said p-type layer and made of a 
40 ZnO-based compound semiconductor, 

an n-side electrode disposed on said n-type layer, and 

a p-side electrode disposed on said p-type layer which is exposed by removal of a portion of said ZnO-based 
compound semiconductor layer through etching. 

64. The semiconductor light emitting device of claim 63, wherein said light emitting layer forming portion has a semi- 
conductor laser structure having a p-type layer made of a GaN-based compound semiconductor, an active layer 
made of a ZnO-based compound semiconductor having a smaller band gap energy than said p-type layer and an 
n-type layer made of a ZnO-based compound semiconductor having a larger band gap energy than said active 
layer; and wherein said laminated ZnO-based compound semiconductor layers are removed by etching except for 
a region for injecting an electric current into said active layer 

65. The semiconductor light emitting device of claim 64, wherein a buffer layer made of an n-type ZnO-based compound 
semiconductor having a larger band gap energy than said active layer is disposed between said p-type layer and 
said active layer. 

55 



52 



EP1 115 163 A1 



FIG. 1 

10 




53 



V 



EP 1 115 163 A1 

FIG. 3 




54 



EP1 115 163 A1 




55 



EP 1 115 163 A1 



F I G. 7 




-Mg 0.35 Znc.650 

Cdp. 3Znp. 7O 
Cdp ofiZnn gaO 



Cdp. Q6Znp. 94O 
Cdn. aZno. 7Q 
n-Mgo.35Zno.650 

n-ZnO 



56 



EP1 115 163 A1 



FIG. 8 (a) 




Cd x Zni- x O 




57 



EP1 115 163 A1 



FIG. 9 



10 



p - Z n 0 



p — M g Z nO 



n — M g Z n O 




n - Z rt 0 



Z n 0 



EZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZZa^- 9 



11 



>\1 



FIG. 10 



18 




EZ2ZZZZZZZZZZZZZZZZZZZZZZZZZZZZZ^ 




10 




7 












16 




15 


H1 


14 




4^ 




3 


J 



\ 



58 



EP 1 115 163 A1 



FIG. 11 




TEMPERATURE CO 



FIG. 12 




59 



EP 1 115 163 A1 



FIG. 1 3 (a) 



B A 




60 



EP1 115 163 A1 



FIG. 14 




0 67 72 

OPERATION CURRENT (mA) 



61 



EP1 115 163 A1 



FIG. 16 

10 




FIG. 17 



I (mA) 











40 


f k 
i ft 
i / » 

r 7 
i / i 
i / i 


— -i 






















20 


















/ 1 1 


















/ » 

i 








-8 


-4 




2 4 


^ 6 8 






























f-30 




































1 7 i 
i/ • 













62 



EP1 115 163 A1 



FIG. 18 
10 




FIG. 19 

I (mA) 











40 


i / 1 
















T / " 
















20 
















































-8 




4 




2 4 6 8 






























f-30 

> 
i 




































\i X 













V 



63 



EP 1 115 163 Al 



FIG. 20 (a) 



I (mA) 











40 




































20 


















































8 




4 / 


^0 


2 4 


> 6 8 










.-20 






































-40 














i if 

















FIG. 20 (b) 

I (mA) 







I I 
1 1 
1 < 

i 1 

i t 
i i 


40 












i i 
i i 


20 












i i 
i i 












i 
i 














-4 


^0 


2 4 6 8 






i f 
i i / 


!-20 














i i f 
* « I 














l »/ 


'-40 














1 fx 











64 



EP1 115 163 A1 




FIG. 22 



O 

< ^ 

r§ 

UJ w 

o 

8 

a: 
oj 
►-i 
a: 

< 

O 



10 



18 - 



10 



1 7 



10 



1 6 



10' 5 



NON-DOPED 





-L 



4x10~ 7 3x10' 8 5x10-5 
PARTIAL PRESSURE OF N 2 (Torr) 



65 



EP1 115 163 A1 

FIG. 23 (a) twist 




FIG. 23 (b) 




FIG. 24 



retype 


. j 


> rrtype 

" j 




! r-type 

! i I 




i i * 



4x10" 7 3x10-6 5X10- 5 
PARTIAL PRESSURE OF N 2 (Torr) 



66 



EP 1 115 163 A1 



FIG. 25 (a) 



ZnSe 




FIG. 25 (b) 



Sb 



I I I ]f 




FIG. 25 (c) 



ZnSe 




FIG. 25 (d) 

Sb 

III 




67 



EP1 115 163 A1 



f 



DMZn 



DTBSe 



Sb[N(CH 3 ) 2 ] 3 
H 2 



FIG. 26 



B 



D 



o 



LU w 
O 



8 5x10 



16 



DC 
UJ 

cc 
cr 
< 



1x10 



16 



F I G. 27 



15 23 40 

FLOW RATE OF Sb[ N( CH 3 ) 2 ] 3 {/jndMm ) 



68 



EP 1 115 163 A1 




69 



EP 1 115163 A1 



i. 



FIG. 29 




70 



EP 1 115 163 A1 



FIG. 30 



LU 

z> 

-J 

< 

> 

LU 
> 



LU 

cr: 



CO 
UJ 



FWHM:0. 13 d 




i 

0 LOCKING ANGLE oj 



FIG. 31 




57 MAGNET 



71 



EP 1 115 163 A1 



FIG. 32 
vzznzzzL 



p-2nO 



p — M g Z n 0 



n-MgZnO 



n - 2 n O 



Z n 0 



10 



Ezzzzzzzzzzzzzzzzzzzzzzzzzzzzzza^ 9 




11 > 12 



FIG. 33 




1 

0 LOCKING ANGLE 



72 



EP 1 115 163 A1 



FIG. 34 




FIG. 35 



v. 



7 

f 6b 
IT 
6a 

16 
15 
14 
I 4 

3 
2 



10 



— <j a N 



p — A I G a N 



p — A I G a N 



p - G a N 



n — G a N 
- n - A I G a N 



n — G a N 



i -MgZnO 



73 



EP 1 115 163 A1 

t 

FIG. 36 




FIG. 37 (a) 




T F IG. 37 (b) T 



B 




15 6a 27 6b 



74 



EP 1 115 163 A1 





75 



EP1 115 163 A1 



FIG. 39 (a) 




FIG. 39 (b) 




SIDE ETCHING 



FIG. 39 (c) 




76 



i 



EP 1 115 163 A1 




FIG. 41 



10 



JZZ2 



i -ZnO 
n-ZnO 



8 

25 



n-S iC 



zzzzzzzzzzzzzzzzzzzzzzza"^ 



1 

9 



77 



EP1 115 163 A1 

r. 



FIG. 42 




20 30 

ELECTRIC CURRENT (mA) 



FIG. 43 




78 



EP 1 115 163 A1 



11 < 



8 
4 




FIG. 44 

9 



JZZ3 



n - M g Z n 0 



SAPPHIRE 



28 





10 





p 


— G a 


N 




p 


- A 1 


G a N 


/ 


p 


- G a 


N 


/ - 



3 
4 
16 



FIG. 45 



n-ZnO 



n-MgZnO 



n-ZnO 
p-GaN 

p-AIGaN 




10 



79 



p 

EP1 115163 A1 

J, 



FIG. 46 



i no 






TRNSMISSIVITY OF OPTICAL DISK 


§ 80 






15GB ( HIGHLY FINE DVD ) 


> 








^ 60 

M 






^v^APACITY OF OPTICAL DISK 


CO 








2 40 
















£ 20 
















0 


" a/ , 




,1,1,1," 



200 300 



400 500 600 
WAVELENGTH (ran) 



700 



800 



FIG. 47 




80 



EP1 115 163 A1 



INTERNATIONAL SEARCH REPORT 


International application No. 




PCT/JP99/04903 


A. CLASSIFICATION OF SUBJECT MATTER 




Int. CI 6 





H01L33/00, K01L2I/363, H01L21/365, E01S3/18 



According to International Patent Classification (IPC) or to both national classification and IPC 
R. FIELDS SEARCHED 

Minimum documentation searched (classification system followed by classification symbols) 
Int. CI 6 

H01L33/00, E01L21/363, E01L21/365, K01S3/13 



Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched 
Jitcuyo Shinan Koho 1965-1996 Jicsuyo Shinan Toroku Koho 1996-1999 

Kokai Jitsuyo Shinan Kohc 1971-1999 Toroku Jitsuyo Shinan Koho 1994-1999 

Electronic data base consulted during the international search (name .of data base and, where practicable, search terms used) 



C. DOCUMENTS CONSIDERED TO BE RELEVANT 



Category* 


Citation of document, with indication, wheie appropriate, of the relevant passages 


Relevant to claim No. 


Y 

A 


J? , 9-162500, A (Sony Corporation), 
20 June, 1997 (20.06.97) , 
Par. Nos. [0025] - [0026] ; Fig. 1 
(Family: none) 


1 

2-32,39,48-65 


A 


JP, 49-94293, 7i (Minnesota Mining and MFG. Company), 

06 September, 1974 (06.09.74) 

& DE, 2350911, Al St PR, 2203255, Al 

& IT, 994398, A & CH, 569366, A 

& GB, 1454085, A Sc FR, 2203255, 31 

Sc CA, 1011862, Al £ US, 4081764, A 


1-32,39, 48-65 


A 


JP, 8-274373, A (JAPAN ENERGY CORPORATION) , 
18 October, 1996 (18.10.96) 
(Family: none) 


1-32,39,48-65 


A 


JP, 8-148719, A { JAPAN ENERGY CORPORATION) , 
07 June, 1996 (07.06.96) 
(Family: none) 


1-32,39,48-65 



f^l Further documents are listed in the continuation of Box C Q See patent family annex. 



* Special categories of cited documents: T* later document published after the international filing date or 

"A" document defining the general state of the art which is not priority dale and not in conflict with the application but cited to 

considered to be of particular relevance understand the principle or theory underlying the invention 

earlier document but published on or after the international filing "X" document of parv.cuiar relevance; the claimed invention cannot be 
date considered novel or cannot be considered to involve an inventive 

'L" document which may throw doubts or, priority claimis) or which is step wh=n the document is taken alone 

ci ted to establish the publication dare of another citation or other " Y" documenr of particular relevance; the claimed invention cannot be 
sprcial reason (as specified) considered to involve an inventive step when the document is 

"0" document referring to an oral disclosure, u*c. exhibition or other combined with one or more other such documents, such 

means combination being obvious to a person skilled in th; art 

*F" document published prior to the international filing da;c but later document member of the same patent family 

than the priority date claimed 



Date of the actual completion of the international search 
07 December, 1999 (07.12.99) 


Dale of mailing of the international search report 

14 December, 1999 (14.12.99) 


Name and mailing address of the ISA/ 
Japanese Patent Office 

Facsimile No. 


Authorized officer 
Telephone No. 



Form PCT/ISAJ2 10 (second sheet) (July 1992) 



81 



EP 1 115 163 A1 



INTERNATIONAL SEARCH REPORT 



International application No. 

PCT/JP99/04903 



C (Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT 


Category* 


Citation of document, with indication, where appropriate, oftlic relevant passages 


Relevant to claim No. 


A 


JP, 10-270749, A (Japan Science and Technology Corp.), 
09 October, 1998 (09.10.98) 
& EP, 863555, A2 (09.09.98) 
& EP, 863553, AJ 


5-8,12-14,19 
53-56 


A 


JP, 7-267787, A (MITSUBISHI CABLE INDUSTRIES, LTD.), 

17 October, 129S (I/.iu.^d; 

& EP, 647730, A2 & US, 5770887, A 

& US, 5810925, A 


10 


A 


JP, 10-51073, A (Fujitsu Limited), 

20 February, 1998 (20.02.98) (Family: none) 


24-26 


A 


J?, 9-59086, A (MINOLTA CO., LTD.), 
04 March, 1997 (04.03.97) 
& US, 5741580, A 


23,29 


Y 


J?, 6-45650, A (OMRON CORPORATION), 

18 February, 1994 (18.02.94) (Family: none) 


27-29 


y 


JP, 10-233528, A (Sharp Corporation) , 

02 Sepremher, 1996 (02.09.98) (Family: none) 


27-29 


A 


JP, 55-11008 9, A (FUTABA CORPORATION) , 
25 August, I960 (25.08.80) 
& DE, 3005536, Al & GB, 2044519, A 
& JP, 57-19585, B4 & DE, 3005536, C2 
& GB," 2044519, E2 


33-35,58 


X 
A 


JP, 7-302764, A (Sony Corporation), 

14 November, 1995 (14.11.95) (Family, none) 


40 
41-43 


V 


J?, 6-314652, A (vlCTOR COMPANY Or OAF AN, LIMllitJJ; , 
08 November, 1994 (08.11.94) (Family: none) 


45-47 


Y 


WO, 95/34093, Al (Sony Corporation), 
14 December, 1995 (14.12.95) 
St BR, 9506254, A & EP, 714122, Al 
& EP, 714122, A4 & US, 5865897, A 


45-47 


Y 


JP, 8-55B00, A (Sony Corporation), 

27 February, 1996 (27.02.96) (Family: none) 


45-47 


X 
A 


JP, 54-104295, A (H. Shimizu) , 

16 August, 1979 (16.08.79) (Family: none) 


57 
58,59 


X 
A 


JP, 54-28576, A (CLARION CO., LTD.), 

r\ -j M-»^^K " Q7Q / n 1 m "7 Q 1 

03 warcn, _y >y - . /?) , 
page 3, lower right column, lines 1-5 
(Family: none) x 


57 
58 , 59 



Form PCT/1SA/210 (continuation of second sheet) (July 1992) 



82 



